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Abstract 
Greenhouse gas (GHG) arising from the treatment of domestic sewage in the 
developed world is known to contribute to GHG emissions in the atmosphere – principally 
carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O).  Accounting protocols exist 
that allow development of emissions inventories on a geographic, utility, or facility-specific 
basis using uniform methodologies and assumptions.  This thesis develops new, improved 
methodologies for estimating direct GHG emissions sources from: 1) Sewer CH4, 2) 
Anthropogenic CO2 from methanol use for nutrient removal, and 3) CH4 from incomplete 
digester gas combustion.  The significance of these GHG sources is estimated herein on a 
national scale for centralized wastewater treatment in the United States (US).   
Current GHG-emissions-inventorying protocols consistently ignore sewer CH4.  
However, by the methods in this thesis, sewer CH4 is estimated to represent between 26% 
and 35% of DC Water’s and more than 54% of centralized-wastewater-related direct GHG 
emissions in the US.   A new sewer CH4 methodology developed in this thesis uses sewer 
hydraulic models at average flow rates to classify pipe segments as either gravity or 
surcharged sewers.  CH4 generation in surcharged segments is derived using a prior 
forcemain algorithm while gravity sewers are modelled using a new algorithm.  After method 
verification using exhaust-CH4 mass fluxes from an odour-control fan evacuating air from a 
regional sewer, the methodology is applied to the entire DC Water (Washington, DC - US) 
collection system to estimate utility-wide sewer CH4 emissions, which are found to be 
substantial.   
Similarly, until recently, GHG-accounting protocols also ignored CO2 emissions 
attributable to methanol addition for nutrient removal.  As most methanol is derived from 
natural gas, its carbon represents an anthropogenic CO2 emission when released.  In this 
thesis, a site-specific method is developed for DC Water and used to determine that 
methanol CO2 represents 40% and 60% of DC Water’s direct GHG emissions, before and 
after anaerobic-digestion upgrades, respectively.  When applied to the US treated 
wastewater flows, considering likely effluent-nitrogen requirements and presence of and/or 
lack of digestion that would influence methanol use, methanol CO2 is estimated to account 
for nearly 12% of the country’s centralized-wastewater-treatment GHG emissions.  
A new method is also developed to account for fugitive CH4 from digester-gas 
combustion based on a specific end uses of the biogas. This method contrasts with current 
protocols which uniformly suggest that 1 to 2% of all produced digester gas is vented to the 
atmosphere (whether through incomplete combustion or simply leakage is unclear).  Use of 
the new methodology could, depending on the biogas-use technologies in operation, more 
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accurately replace a 1% protocol-based estimation of 4,200 MT CO2e/year for DC Water 
with emission rates ranging from 60 to over 21,000 MT CO2e/year.  Accordingly, current 
protocol-based simplifications are shown to result in an actual 70-time overestimation for DC 
Water or a possible 5-times underestimation for the poorest-efficiency biogas-combustion 
devices: conventional, candle-stick flares.   
As the final subject of this thesis, electricity use, which comprises the largest portion 
of centralized-treatment GHG emissions inventories, is reviewed.  GHG emissions from 
electricity consumption occur at the power plant, and their make-up and carbon intensity is a 
function of how that plant produces electricity.  While local electricity carbon intensity is 
normally beyond the control of the wastewater utility, how much is purchased is largely 
under its control.  Aeration-blower and total-plant power consumption over one or two years 
for 13 large to very-large facilities in New York City (NY - US) are correlated to average flow 
and total-oxygen-demand loading and removal to evaluate electricity-use metrics.  
Additionally, the local carbon intensity of power is shown to dramatically impact the 
magnitude of GHG emissions and to have surprising effects on an example “sustainability-
enhancing” upgrade. 
This research discusses these improved GHG-accounting methodologies and 
evaluates their significance using large-scale utility process and GHG data.  When 
combined, application of new sewer CH4 and methanol CO2 methods herein would roughly 
triple direct GHG emissions attributed to an industry that already represents a significant 
GHG source and energy consumer.  An improved understanding of emissions intensity and 
the significance of various emissions sources would allow an already proactive wastewater 
industry to better target or incorporate intervention strategies that mitigate GHG emissions.  
This thesis offers these improved methodologies while providing evidence that: 1) GHG 
accounting science is far from fully understood; 2) additional research is warranted; so that 
3) the industry’s understanding and GHG emissions baselines are accurate and thereby 
support almost-certain eventual regulation.  
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Chapter 1.  Introduction and Research Questions 
 
This chapter introduces current greenhouse gas (GHG) accounting and provides a 
summary of likely direct GHG sources from wastewater treatment and conveyance.  This 
introduction is largely a literature review, with the following aspects covered:  
i) An overview of GHG history, nomenclature, and reporting conventions, 
ii) GHG emissions accounting protocols are reviewed and included by reference, 
iii) Likely sources of direct GHG emissions from centralized wastewater treatment and 
conveyance in the developed world, with associated protocol treatment, state of 
research, and a general assessment are provided for each source,  
iv) A discussion on electricity-use-related emissions that do not actually occur at the 
pumping station or wastewater treatment plant (WWTP) and that are usually the 
most significant emissions source, 
v) A summary of the US government’s estimation of the historical total and wastewater-
specific GHG emissions, and 
vi) A summary of industry needs that should be satisfied for newly developed 
methodologies. 
The research questions answered by this thesis conclude the chapter. 
 
1.1 Overview of GHG History, Nomenclature, and Conventions 
Since the adoption of the Kyoto Protocol by the United Nations Framework Convention 
on Climate Change (UNFCCC) in 1997, efforts have been made to develop and refine 
approaches to quantify the GHG emissions in industrialized countries.  The Kyoto Protocol 
entered into force in 2005 and covered the first commitment period spanning from 2008 to 
2012.  The Kyoto Protocol was amended in 2012 to a cover a second commitment period 
(spanning 2013 to 2020) but ratification and enforcement of the second commitment period is 
at present uncertain.  Despite that uncertainty, many organizations have developed protocols 
and methodologies for mandatory or voluntary accounting of GHG emissions for countries, 
governmental bodies (states, counties, cities, and public utilities) and businesses.  
GHG accounting protocols provide rules and guidance for developing GHG emissions 
inventories for entities of various sizes and scope.  These can include countries; states, 
provinces, and territories; cities and counties; corporations; individual facilities; smaller groups, 
and even individuals.  The protocols are evolving and updated once the scope and breadth of 
the revisions reach a critical mass.  While these protocols provide easy and systematic 
approaches to estimate emissions types, many of the methodologies are founded on 
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dramatically simplifying assumptions.  Research has targeted various aspects of these 
simplifying assumptions and our collective understanding of the actual phenomena is 
advancing.  This introduction compares the protocols and associated methodologies that 
currently cover domestic wastewater conveyance and treatment considering the developing 
scientific understanding and/or the scientific basis of the protocol methodologies themselves. 
Three of four research tracks in this thesis represent direct GHG emissions, which are 
also referred to as “Scope-1” emissions.  The World Resources Institute (WRI) and World 
Business Council for Sustainable Development (WBCSD) Greenhouse Gas Protocol (GHG 
Protocol) was the first to classify GHG emissions into three scopes as follows (WRI/WBCSD, 
2004): Scope 1 includes direct emissions of GHG from facilities under the direct control of the 
reporting entity; Scope 2 includes emissions associated with fuel consumption for the 
production of electricity purchased by the reporting entity (other protocols have expanded this 
definition to also include fuel combustion emissions for the third-party production of heat 
resources such as steam or cooling (California Air Resources Board (CARB), 2008; The 
Climate Registry (TCR), 2008); and Scope 3 includes those emissions by third parties that are 
affected by the reporting agency but not owned, operated, or under the reporting entity’s direct 
control – Scope-3 emissions are typically either Scope-1 or -2 emissions for the referenced 
third party.  Examples of Scope-3 emissions would include the following associated with 
chemicals used at a WWTP: GHG to produce energy required to manufacture the chemical, 
fugitive GHG in the manufacturing process, and hauling-vehicle-fuel GHG emissions to deliver 
the chemical to the WWTP.  Similarly, the following biosolids-disposition emissions would also 
be classified as Scope-3 if the hauling trucks, farm, or landfill were not owned and operated by 
the WWTP utility: GHG emissions for vehicle fuel for biosolids transportation, nitrous oxide 
(N2O) evolving from land-applied biosolids, carbon-sequestration credits in the farmed soil, and 
fertilizer-credits for avoided use of chemical-based fertilizers. 
Scope-2 emissions tend to dominate emissions inventories at WWTPs and represent an 
opportunity for GHG offsets through renewable power generation and energy conservation.  
Before a utility could become “GHG-positive” (meaning that a WWTP would have more GHG 
credits than emissions), it is critical that an accurate accounting of Scope-1 emissions be 
available; alternatively, a GHG-positive utility might have to revise their self-assessment once 
Scope-1 emissions were accurately accounted for at some future date.     
Consistent with the cited protocols, the terms “anthropogenic” and “biogenic” distinguish 
between man-made and naturally occurring emissions, respectively.  Specifically, while there 
could be naturally occurring N2O or CH4 emissions, these are not considered biogenic under 
the protocols because human involvement (for those activities under the purview of utilities) 
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drives these processes and the emissions have not been reduced to the lowest GHG-intensive 
form.  As an example, CH4 evolution and emission from stockpiled biosolids occurs because of 
natural anaerobic processes.  This is considered an anthropogenic emission largely because 
human involvement could and should strive to oxidize the CH4 to carbon dioxide (CO2), which 
has a much lower global warming potential (GWP) and would instead be considered a biogenic 
emission and would not be counted in an entity’s GHG emissions totals. 
 
1.2  Reviewed Protocols 
GHG reporting protocols and their associated methodologies have been developed and 
continue to be refined.  Most of these protocols reference the Intergovernmental Panel on 
Climate Change (IPCC) as a starting point and then proceed to leverage scientific advances to 
improve the accuracy/refinement for reporting.  The protocols most commonly used in 
Australia, North America, and Europe include the following, in chronological order (each with a 
description of their intended audience and applicability): 
• IPCC.  The 2006 IPCC Guidelines for National Greenhouse Gas Inventories were 
developed as updated guidelines so that countries could develop their national GHG 
emissions inventories using a consistent framework for reporting to the UNFCCC. It 
is also suggested that the presented methodologies could be used for GHG reporting 
by entities of much smaller scale than countries (IPCC, 2006a). 
• CARB Local Government Operations Protocol (LGOP).  The LGOP is intended to 
be a uniform protocol for local governments (e.g. cities and counties) in the US to 
report emissions from their own operations.  This effort specifically excludes the 
emissions by the general populace living in those same jurisdictions that are not 
under direct governmental control.  The LGOP is also intended to be adopted by 
Canada and Mexico at some point in the future, and as such, would have North 
American representation (CARB, 2008).  The LGOP references ICLEI (formerly 
International Council for Local Environmental Initiatives) standards for data collection 
and management as well as some specific methodologies; these references all cite 
references published prior to the current ICLEI US Protocol.  Finally, this protocol is 
relevant as most domestic wastewater collection and treatment in North America is 
managed by local government entities. 
• ICLEI U.S. Community Protocol for Accounting and Reporting of Greenhouse 
Gas Emissions (US Protocol).  ICLEI standards are for local governments within 
the United States (US).  The stated purposes of the protocol are to inform climate 
action planning and motivate community action; track GHG emissions over time; 
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compare GHG emissions of similar communities; enable aggregation of regional 
GHG emissions data; demonstrate compliance with regulations/agreements/ 
standards; and demonstrate accountability and leadership.  While the US Protocol 
covers government operations like the LGOP, it also includes emissions attributable 
to the general public that include both use of electricity and fuel in residential and 
commercial stationary equipment and passenger and freight vehicles (ICLEI, 2012).  
The relatively tight parsing of emissions attributable to wastewater management 
makes this protocol extremely relevant to this chapter.  
• Australian National Greenhouse Accounts (NGA) and National Greenhouse 
and Energy Reporting System (NGER).  In Australia, there are two overarching 
protocols: NGA and NGER.  The stated purposes of NGER are to inform government 
policy and the public; meet Australia’s reporting obligations; assist Commonwealth, 
State and Territory governments; and avoid duplication of similar requirements by 
States and Territories. NGER does additionally apply to corporations whose 
emissions exceed defined thresholds (NGER, 2013).  The NGA emission factors and 
methodologies, on the other hand, are specifically intended for corporations and 
individuals (NGA, 2013).  NGA methodologies are tighter in definition, parsed for a 
much smaller scale, and specific to a much broader array of emissions and sources.  
Because of this higher level of refinement and the associated higher number of 
wastewater-specific methodologies, the NGA and its methodologies are generally 
more relevant than NGER standards (NGER methodologies that apply are still 
covered, however). 
• Other Protocols.  Other protocols were reviewed and not included based on their 
limited or complete lack of wastewater-related methodologies.  These include TCR’s 
General Reporting Protocol (GRP) (TCR, 2008); and the WRI’s and WBCSD’s GHG 
Protocol (WRI/WBCSD, 2004).      
          
1.3  GHG Emission Sources from Wastewater Conveyance and Treatment  
To define the subject matter of this thesis, it was necessary to establish some 
boundaries on the subject to be discussed and explored.  A simplified schematic of the current 
state-of-the-practice, energy-efficient WWTP in many developed countries is provided in 
Figure 1-1. The GHG emission types throughout the process are identified by hexagonal key 
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numbers with different shading and borders.  The key-number formatting is intended to classify 
each emission type into one of the following groups: 
 
• Key numbers with gray fill denote those emissions that are covered in the protocols but 
where research has outpaced the protocol methodologies.  In many of these instances, 
research is progressing but may not yet be to a state where scientific consensus can 
provide a single definition that adequately covers the phenomenon.  Alternatively, this 
key-note designation also covers instances where one protocol has adopted an 
updated, science-based methodology but many of the other protocols have not yet been 
appropriately updated.  
• Key numbers with white fill and gray letters designate those emissions sources that are 
covered in today’s protocols but whose scientific foundation is weak and where more 
research is warranted.   
• Finally, key-number callouts with a black fill and a white letter apply if the emission is 
largely ignored in the current protocols and current research does not appear focused 
on the associated GHG production/phenomena. 
Table 1-1, supports Figure 1-1 by summarizing how IPCC, NGA/NGER, LGOP, and the US 
Protocol address or do not address each of the Figure 1-1 emissions sources. Each emissions 
 
 
Figure 1-1. Sources of GHG Emissions from Wastewater Conveyance and Treatment. 
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Table 1-1. Summary of Emissions Treatment by Various GHG Accounting Protocols. 
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Table 1-1. Summary of Emissions Treatment by Various GHG Accounting Protocols, continued. 
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source is listed and described below along with their treatment by the protocols and the status 
of relevant published research: 
 
1.3.1  Emission Source A: Collection System CH4 
Anaerobic conditions and processes in gravity sewers, pumping stations, and 
associated forcemains have the potential to convert chemical oxygen demand (COD) to CH4 
which would be released to the atmosphere from manholes and pump station wet wells.  Even 
when this foul air source is treated, conversion of the CH4 to either CO2 or other intermediaries 
is extremely unlikely.   
Protocol Treatment.  IPCC (2006e) distinguished between wastewater collection in the 
developing world (where CH4 production would be expected) and in the developed world, 
where wastewater in closed, underground sewers is determined to not be a significant CH4 
source.  Other protocols have followed IPCC’s lead and in many cases have not even 
discussed sewer CH4. 
State of Research.  Research has shown, on the other hand, that enclosed sewers in 
even temperate climates do produce CH4 (van Voorthuizen et al., 2011). CH4 formation and 
emission on a local scale has been studied extensively for forcemains and has been found to 
be a function of wastewater temperature, wetted slime-layer area, residence time, and acetate 
and propionate concentrations, among other factors (Guisasola et al., 2008; Foley et al., 2009; 
Guisasola et al., 2009; Liu et al., 2014; and Liu et al., 2015).  Additional research has also 
shown that many of the chemicals used to reduce odours and corrosion can also reduce the 
formation and/or transmission of CH4 to the atmosphere (Gutierrez et al., 2009; Jiang et al., 
2010; Zhang et al., 2012; Jiang et al., 2013).  Ongoing research focuses on better 
understanding the formation, emission, and mitigating factors in gravity sewers.  No consensus 
exists currently on a methodology (nor has one even been proposed) for calculating larger-
scale, sewer-shed-wide or service-area-wide emissions. 
 
1.3.2  Emission Source B: Preliminary or Primary Treatment CH4   
Very similar to the mechanisms that could produce CH4 in the sewers, conditions in 
WWTP headworks and primary treatment could also produce CH4.  Additionally, dissolved CH4 
produced in the collection system could be stripped by turbulence or air that is often used for 
channel mixing or grit removal; thereby making preliminary treatment structures potentially 
significant sources for CH4 emission.  Finally, primary sludge can be collected in primary 
sedimentation tanks and longer solids residence times (SRTs) could further enhance CH4 
production and release.  
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Protocol Treatment.  These sources of GHG are not acknowledged in any protocol. 
State of Research.  There is no related research being conducted at this time.  It is 
anticipated that improved understanding of the scope and breadth of collection-system CH4 
production may inform (or likely even include) emissions from these sources. 
 
1.3.3  Emission Source C: CO2 from Respired Anthropogenic COD   
If the carbon loading within raw wastewater is from anthropogenic sources (like 
industrial discharges or fossil-fuel-derived home care products) as opposed to biogenic 
sources (such as human and food wastes), then the CO2 evolved from the activated sludge 
processes would actually be anthropogenic in nature.  As such, it might be accounted for as a 
Scope-1 CO2 emission.  From a philosophical perspective, however, the wastewater utility has 
little control over what is placed in the raw wastewater (this is more from the perspective of 
home care products than industrial dischargers) and it could be argued that “someone else”, 
either the manufacturer or user, initially un-sequestered or liberated the carbon.  This would 
allow all of the carbon entering the WWTP to still be considered “previously un-sequestered” 
and accordingly, all associated emissions could continue to be considered biogenic. 
  Protocol Treatment. IPCC (2006e) specifically excludes all wastewater process CO2 
due to its biogenic nature with respect to evolution from wastewater treatment.  While other 
protocols contain methodologies that address wastewater CH4 and N2O sources, they are 
silent on CO2 emission from aerobic processes; apparently adopting the IPCC assumption.   
State of Research.  The activated sludge CO2 respiration cycle has been well 
researched and is well understood.  More recently, researchers have discussed using carbon-
12/13/14 ratios to determine the percentage of influent carbon that has been processed 
biologically (and is biogenic) versus fossil carbon that is attributable to first-time use 
(anthropogenic).  Griffith et al. (2009) determined that 25% of the average dissolved organic 
carbon entering 14 north-eastern-US WWTPs was fossil carbon using a carbon-dating 
methodology.  Similarly, Law, et al. (2013) determined based on sampling from four activated 
sludge plants in Brisbane, Australia that: a) 4 to 14% of influent total organic carbon was fossil-
based; b) that 29 to 50% of the fossil carbon was released to the atmosphere within the 
activated sludge process; and c) that fossil carbon was less likely to be liberated in anaerobic 
digestion (where only 12% of feed anthropogenic carbon was converted to biogas as compared 
to 54% conversion for fed biogenic carbon).  More recently, Tseng, et al. (2016) developed an 
overview of prior fossil-carbon-in-sewage research and analysed more plants; while the 
wastewater showed higher influent fossil-carbon fractions (up to 28%) the data largely 
supported Law’s observations that considerable release occurred in aerobic processes and 
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less so under anaerobic conditions.  Each collection system/WWTP influent was shown to have 
its own ratio and its own anthropogenic carbon emission.  
 
1.3.4  Emission Source D: CO2 from Plant-Added Anthropogenic Carbon 
As discussed under Emission Source C (CO2 from Respired Anthropogenic COD) most 
protocols assume that all CO2 emitted from processing/conversion of wastewater COD is 
biogenic.  This assumption is not true in the case of some carbon sources that are routinely 
added by utilities themselves.  Methanol (CH3OH), which is the most commonly used carbon 
source at WWTPs for biological nutrient removal (most commonly for denitrification), is one 
such example.  CH3OH is most commonly derived from fossil-fuel natural gas; as such, its 
conversion and subsequent release as CO2 represents an anthropogenic GHG source.     
Protocol Treatment.  IPCC (2006c) provides default emissions factors for manufacture 
of CH3OH but anthropogenic CO2 emissions are not considered for wastewater.  All other 
protocols, with one exception, follow IPCC’s example.  The one exception is ICLEI’s US 
Protocol which uses stoichiometric conversion of CH3OH to CO2 with emissions factors from 80 
to 100% depending on solids treatment/management practices and the amount of cell-mass 
carbon converted to CO2 (ICLEI, 2012). 
State of Research.  Little new research is needed for this determination.  Dold et al. 
(2008) researched the biological cell yield of methanol-fed activated sludge processes but the 
identification of methanol-driven CO2 emissions as an anthropogenic source has not yet been 
published. 
 
1.3.5  Emission Source E: N2O from Nitrogen Treatment   
In the process of biologically converting Ammonia (NH3) to nitrogen gas (N2), N2O is one 
intermediary that can be stripped from solution and emitted by the process itself.  Considerable 
research is underway, has improved, and is continuing to improve our understanding of the 
generation and evolution pathways and operational causes.  That same research suggests that 
the current equations for quantifying these emissions are woefully inadequate and warrant 
significant adjustment once researchers reach consensus on an appropriate approach to 
uniform quantification.  
Protocol Treatment.  Interestingly enough, there are almost as many process N2O 
methodologies as protocols.  IPCC (2006e) uses a 3.2g N2O/person/year population-based 
factor.  NGER (2013) proposes a more advanced methodology prescribing that: a) N2O 
emissions be calculated based on a population-based average protein intake of 0.036 metric 
ton/year/person; b) that protein is 16% nitrogen (N) by mass; c) subtracting "accounted for" N; 
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d) then applying a factor of 4.9 grams (g) of CO2-equivalent (CO2e) per g of unaccounted-for N; 
thereby resulting in e) an equivalent emissions rate of or 0.016 g N2O/g N-removed.  CARB 
(2008) on the other hand, distinguishes between population-based emissions factors for 
WWTPs with nitrification and/or denitrification (7g N2O/person/year) and for those without 
nitrification (matching IPCC with a 3.2g N2O/person/year).  Finally, ICLEI (2012) uses the same 
methodology as CARB but further adds a 25% increase in emitted N2O for systems with heavy 
industrial loads with high N content.  
State of Research.  This is one of the most active research areas related to GHG 
emissions from wastewater management. Extensive research work has been undertaken in the 
recent past, ranging from fundamental studies to determine mechanisms involved in N2O 
production during biological N removal, to full-scale monitoring, and mathematical modelling to 
predict N2O formation and emissions (Ahn et al., 2010; Law et al., 2012; Sun et al., 2013). N2O 
emissions from WWTPs vary substantially between plants, ranging from negligible to 
substantial (a few percent of the total N load), because of different process configurations 
(oxidation ditches, sequencing batch reactors, A-stage/B-stage, membrane bioreactors, etc.), 
designs, and operational conditions.  In general, plants that achieve high levels of N removal 
emit less N2O, indicating that no compromise is required between high water quality and lower 
N2O emissions. N2O emissions primarily occur in aerated zones/compartments/periods due to 
active stripping, and NH3-oxidizing bacteria rather than heterotrophic denitrifiers are the main 
contributors. The detailed mechanisms remain to be fully elucidated, despite strong reported 
evidence suggesting that both heterotroph denitrification and the chemical breakdown of 
intermediates of hydroxylamine oxidation are likely involved. With increased understanding of 
the fundamental reactions responsible for N2O production in wastewater treatment systems 
and the conditions that stimulate their occurrence, dynamic models predicting N2O emissions 
from wastewater treatment systems are being developed (Ni el al., 2014; Rodriguez-Garcia et 
al., 2012), and some have been successfully applied to predicting emissions from full-scale 
plants (Ni et al., 2013). The establishment of these detailed models along with the collection of 
more full-scale data should support the further development of more accurate accounting 
guidelines tailored for plants with specific design and operational conditions.  
 
1.3.6  Emission Source F: N2O from Clarification   
This element is an extension of Emission Source E (N2O from N treatment) and 
suggests that some remaining dissolved N2O could possibly be liberated from the clarification 
stages of WWTPs.  Despite little research into clarifier-specific N2O emissions, many could 
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argue that within the poor accuracy of the existing protocols, these emissions are adequately 
covered within the existing definitions.   
Protocol Treatment.  Outside of the protocol definitions of “process N2O” all protocols 
are completely silent on this aspect/source. 
State of Research.  No research is being done at this time.  
 
1.3.7  Emission Source G: Effluent N2O Evolution   
This emission source is founded on the assumption that natural systems in receiving 
bodies of water will convert a relatively small fraction of discharged effluent N to a potent GHG: 
N2O.  These emissions are the direct result of WWTP operations and as such have been 
attributed thereto as a Scope-1 emission. 
Protocol Treatment.  IPCC (2006e) initially suggested that some portion of discharged 
WWTP effluent total nitrogen (TN) would evolve in the natural environment to produce N2O.  
IPCC does not use the scope designations but other subsequent protocols have somewhat 
surprisingly categorized this as a Scope-1 emission despite the fact that this evolution would 
occur outside of the WWTP boundaries.  Another surprising aspect is that the protocols cite a 
broad range of N2O evolution rates ranging from 0.05% to 2.5% units of N2O per unit of TN 
removed.  Because of the broad range, many use the default 0.5% from IPCC, based rather 
surprisingly on emission rates associated with N fertilizers in managed soils.  Other more 
recent protocols have differentiated default parameters that are based on receiving water 
characteristics, especially the degree of nitrification and denitrification that occur in each type of 
water body. 
State of Research.  There has been surprisingly little research in this area despite the 
fact that the basis for the existing protocol methodologies is managed soils and not aqueous 
environments.  Only a few studies have been reported to date on the contribution of 
wastewater (treated or untreated) discharge to N2O and CH4 production in receiving waters. 
McMahon and Dennehy (1999) found that the N2O emission rate in the South Platte River in 
the US rose sharply from < 90 to 4600 – 32 600 µgN/m2/d after receiving effluent from the 
Denver, Colorado municipal water resource recovery facility (plant performance data not 
reported). Similarly, Toyoda et al. (2009) detected the highest dissolved N2O concentration 
(6800% supersaturated) downstream of a water resource recovery facility in the Tama River in 
Japan. By analysing isotopes, it was found that the wastewater treatment effluent contributed 
both directly (as N2O) and indirectly (through discharge of inorganic N) to N2O.  Nirmal 
Rajkumar et al. (2008) studied the Adyar River-Estuary in India, which received untreated 
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wastewater, and found very high CH4 and N2O emission rates. The CH4 concentration 
exceeded its ebullition level. 
 
1.3.8  Emission Source H: Digester Gas Fugitive CH4   
Because anaerobic digesters convert COD to CH4 on purpose, they are an obvious 
potential source of GHGs.  The amount of fugitive digester gas is not addressed in current 
protocols due principally to the difficulty of measuring these emissions at any one plant, let 
alone collecting a representative sample.  Such fugitive emissions evolve from pressure-relief 
valves; the perimeter of floating-cover digesters; when CH4-saturated condensate is collected 
and discharged; when gas-handling equipment is removed from service and these devices are 
purged and/or opened for maintenance; and many other potential sources.   
Protocol Treatment.  IPCC (2006e) suggests that CH4 emissions from these sources 
are insignificant in the developed world but does treat digestion as a significant source in the 
developing world where many lagoons and anaerobic digesters are open to the atmosphere.  
The rest of the reviewed protocols take a similar approach with some citing difficulties 
attributed to location and measurement of these fugitive-emission sources. 
 State of Research.  Yoshida et al. (2014) have developed a novel approach that 
assesses CH4 emissions from an “overall process area” by introducing an upwind tracer gas at 
a fixed rate and then correlating the relative downwind CH4 concentration to the tracer gas 
concentration. The methodology found detectable CH4 from digesters at the Avedøre treatment 
facility in Copenhagen, Denmark that were principally attributed to the digester cover.  It may 
also be possible to use new infrared cameras that have been used for Leak Detection and 
Repair (LDAR) for detection and quantification of fugitive CH4 (United States Environmental 
Protection Agency (USEPA), 1991). 
 
1.3.9  Emission Source I: Recycle-Treatment Dissolved CH4   
 The single largest source of anaerobic-digester-related fugitive CH4 (subset of Emission 
Source H above) would likely be that portion of the produced CH4 that is dissolved in the 
finished biosolids.  This gas is likely emitted either when dewatered (where there is 
considerable turbulence); in downstream aerobic recycle-treatment processes where CH4 
would be stripped from solution; or more slowly if the digested biosolids are land applied as a 
liquid product.  In any event, the dissolved CH4 could be measured and these emissions 
estimated. 
Protocol Treatment.  Protocols are silent on this phenomenon. 
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State of Research.  No research has been published to our knowledge on this topic.  
Something as simple as developing mass balances for dissolved CH4 in the flow streams both 
upstream and downstream of various post-anaerobic-digestion treatment technologies would 
better inform this discussion. 
 
1.3.10  Emission Source J: Solids Disposition CH4 and N2O   
This emissions source represents an extremely broad topic on its own due to the fact 
that there are a huge variety of practices related to solids disposition.  These would include 
land application (with CH4 and N2O emissions, carbon sequestration, and fossil-fuel-derived 
fertilizer offsets); land filling (with CH4 and N2O emissions and carbon sequestration); 
composting (with CH4 and N2O emissions and carbon sequestration); combustion technologies 
like incineration or gasification (with CH4 and N2O emissions); and many other options.  
Additionally, anaerobically digested biosolids are often stored in open or odour-controlled tanks 
or in piles of dewatered cake; in any of these forms, decomposition will necessarily continue 
and CH4 is almost certainly released to the atmosphere.  It might also include other related 
processes within the WWTP such as sludge/biosolids thickening and dewatering. 
Protocol Treatment.  Protocols have specific methodologies on a variety of aspects 
related to this topic.  As examples: 1) N2O emissions from land application of biosolids can be 
calculated in a method that is analogous to the use of chemical N fertilizers (IPCC, 2006d); 2) 
CH4 emissions from landfilling of raw sludges/biosolids can be calculated using the solid waste 
methodologies that consider degree of gas capture and the ultimate disposition of the captured 
gas; and 3) N2O and CH4 emissions from incineration of solids can often use prescribed 
methodologies for incineration of solid waste (ICLEI, 2012).  On the other hand, a number of 
other phenomena like carbon sequestration from land applying biosolids or landfilling raw 
sludges/biosolids are not covered in any of the protocols.   Because of the diversity of potential 
disposition options, discussing all solids-disposition GHG emissions would be an appropriate 
topic for a separate research effort. 
State of Research.  In 2009, the Canadian Council of Ministers of the Environment 
made the Biosolids Emissions Assessment Model (BEAM) and an associated report (Sylvis, 
2009) available to the public.  While not a true GHG accounting tool, BEAM allows various 
biosolids handling scenarios to be compared on a GHG-emissions basis and is a 
representative, well-documented comparison on the host of options.  Considerable additional 
research is ongoing on specific treatment and disposition options but there are certainly 
subjects that are receiving no research attention at this time. 
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1.3.11  Emission Source K: Un-combusted Digester Gas CH4   
The combustion of digester gas is covered to a more rudimentary degree; current 
protocols cover combustion for waste flaring and fugitive emissions, as well as beneficial reuse 
as a renewable fuel using single emissions factors based on total gas production that are 
intended to account for all fugitive digester CH4.  CO2 emissions are again considered to be the 
optimized GHG emissions (in contrast to emission of CH4 with a much higher GWP) and are 
categorized as biogenic, and excluded from emissions inventories.  The deficiency within 
current protocols arises from the simplification that a single, across the board, percent-of-CH4-
combusted emissions factor is often used to universally estimate GHG emissions.  The actual 
emissions can vary significantly depending on the technology used for digester gas 
combustion.  Categorized emission factors for various technology types would be more 
appropriate as the range of combustion inefficiency (measured as the percent of CH4 emitted 
over the CH4 fed to the device) varies from near zero for low-emissions flares, boilers, turbines, 
and microturbines; to between 0.5% and 2.5% for internal combustion engines; to as much as 
3 to 10% (or more) for conventional, candlestick type flares (Willis et al., 2013a). 
Protocol Treatment.  All of the protocols recognize anaerobic digesters as a source of 
biogenic CH4 production and each has its own uniform emission factor or range of factors.  
IPCC (2006b) suggests that the amount of non-combusted CH4 when gas is collected and 
burned is negligible.  Recent protocols have included non-combusted-CH4 factors that range 
from close to zero to as high as 1.5%.  Even more recently, protocols have added N2O-
emission factors to identified CH4-emission factors for biogas combustion.  No protocol to date 
has distinguished how biogas is combusted as a determining factor in their proposed emission 
factors. 
State of Research.  It is much easier to sample digester-gas-combustion emissions 
from any device that has an exhaust stack.  The outliers to this potentially accessible data set 
are candlestick type, waste gas flares. The USEPA has published a biogas destruction 
efficiency of 99% from “flaring or burning in engine (0.99 for flares)”; but they also note that 
they still use emissions factors developed in 1992 (USEPA, 2014).  The University of Alberta 
used wind tunnel experiments so that the amount of combusted CH4 could be measured from 
conventional flares to determine their effectiveness on a wide range of fuels (Kostuik et al., 
2004).  These tests showed that conventional flares are more likely to have efficiency between 
92 and 97% combusting moderately low British thermal units (Btu), water laden fuels like 
digester gas.  More recently, the Water Environment Research Foundation published a 
predictive model and tool and corresponding case studies that suggest average conventional 
flare efficiencies of 95% to 96% (Willis et al., 2013b).  A combustion technology based 
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methodology is strongly warranted to replace the across-the-board type, single emission 
factors currently in use. 
 
1.4  Significance of Purchased Power (Scope-2) Emissions  
Another point relates to the indirect emissions covered separately as Scope-2 emissions 
for purchased power. Uniform discussion of Scope-2 emissions is difficult and avoided in this 
thesis because:  
1. The GHG accounting methodologies are not questioned (simply apply a local carbon 
intensity of power to the actual amount of power used); 
2. Unlike the Scope-1 emissions, purchased power related emissions are highly 
dependent on the local carbon intensity for power production and vary dramatically 
across geographies; and finally 
3. While use of national average or other normalizing Scope-2 emission factor is 
possible, it would overlook the plant-specific context provided by where that facility’s 
power originates.  This phenomenon is discussed further in Chapter 5, and the 
implications of different carbon intensities for power are highlighted for the New York 
City Department of Environmental Protection (NYCDEP) plants alone. 
Scope-2 emissions tend to dominate GHG inventories; often representing between 70 
and 95 percent of Scope-1 and Scope-2 emissions totals.  As such, even while the identified 
methodological gaps would likely result in significant increases in accounted for direct 
emissions; most inventories would still have very large portions attributable to power use.  
Energy conservation and/or renewable energy generation effort would continue to provide 
significant reductions to a utility’s GHG emissions inventory. 
 
1.5  US National GHG Emissions Inventory 
 
The US Energy Information Administration (US-EIA) published national GHG emissions 
data from 1991 through 2009 when that responsibility was transitioned to EPA.  Unfortunately, 
the current administration has removed EPA’s reports from their website (and the databases 
themselves, that would have provided data that could be independently analysed, have never 
been available) so that the US-EIA spreadsheets are the best source of national historical GHG 
emissions data, and are accordingly used herein.  Figure 1-2 summarizes the US-EIA-reported 
annual GHG emissions estimates for the entire country from 1991 through 2009.  The total 
emissions in this report have remained relatively stable over that 18-year period, ranging from 
6.1 to 6.2 million MT CO2e in 1991 and 1992 up to 7.2 million MT CO2e in 2009.  Figure 1-3 
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provides the US-EIA emissions attributable to domestic wastewater treatment along with the 
emissions estimates developed within this thesis for 2014 for methanol CO2 and sewer CH4.  
US-EIA generally conforms to IPCC protocols and methodologies and excludes many of the 
emissions sources included in more localized GHG emissions summaries (like those for DC 
 
Figure 1-2. Historical US-EIA Annual GHG Emissions from all Sources. 
 
 
Figure 1-3. 2008 US-EIA Domestic Wastewater GHG Emissions (in million MT CO2e/yr, and % of 
domestic-wastewater GHG total) with this Thesis’ Centralized-Sewer CH4 and Methanol CO2. 
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Water later in this thesis).  It is further important to note that US-EIA has used GWPs of 25 g 
CO2e/g for CH4 and 298 g CO2e/g for N2O; and these values are not the same as those used in 
other analyses in this thesis.  Perhaps the most critical observation from the US-EIA data is 
that the granularity of the US-EIA emissions totals is so coarse that only two domestic-
wastewater Scope-1 GHG sources and electricity-related Scope-2 CO2 are included, 
specifically: 
• US-EIA developed the domestic-wastewater CH4 estimation using IPCC (2006) 
methods.  The reported CH4 is entirely from septic systems and latrines servicing 
less than 25% of the population, based on: 
o 22% rural and 78% urban-high-income populations;  
o Of the rural population 90%, 2%, and 8% are served by septic tanks, 
latrines, and sewer, respectively. 
o 5% of the urban-high-income population is served by septic tanks while the 
balance is sewered and treated in centralized aerobic treatment systems. 
o Methane correction factors (MCF – which indicate the percentage of 
maximum CH4 generation rate that is emitted) are cited in IPCC as follows: 
A) Range from 10 to 70% for latrines (this wide range has a very limited 
effect based on the limited population served by latrines in the US); B) 
50% for septic tanks; and C) 0% for sewers to aerobic treatment plants.   
It is critical to recognize that these septic-tank and latrine CH4 emissions are not 
actually covered within the general scope of this thesis; this thesis instead covers 
only emissions from centralized treatment facilities (that serve 76% of the US 
population) and not those emissions from decentralized septic tanks and latrines 
(used by 24% of the population).   
As a point of comparison, more recent research (Leverenz, et al. 2010) suggests 
that septic tanks and their associated leach fields emit 335 g CO2, 10.7 g CH4, 
and 0.20 g N2O per-capita/day; combined, these emissions represent 242 kg 
CO2e per-capita/yr, using the US-EIA GWPs.  By assuming that 24% of the 304-
million US population in 2008 used latrines and septic tanks, producing these 
same per-capita emissions, results in a national, 2008 unsewered, GHG-
emissions rate of 17.6 million MT CO2e.  As compared to many other emissions 
sources discussed previously in this section and in the balance of this thesis, this 
overall significance is miraculously close to the US-EIA 2008 CH4 emissions from 
this same source, despite being calculated using a very different method. 
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• The reported wastewater N2O is from effluent-nitrogen discharges.  And the 
nitrogen effluent mass is estimated based on assumed per-capita protein 
consumption, and factors including: N2O emission factor (g N2O /g effluent 
nitrogen; allowance for additional industrial nitrogen load; fraction of influent 
nitrogen disposed of with sludge; and fraction of population served by centralized 
treatment.  Again, no other sources, such as process N2O, have been included.   
• The domestic-wastewater-sector’s electrical-consumption CO2 emissions are 
highlighted separately in each year’s “By-Sector Summary” tab, but only for the 
reporting year.  As such, 2009 wastewater-electricity emissions are shown in 
Figure 1-3 along with all other US-EIA emissions shown for 2008.  
 
1.6 Protocol-Update and Methodological Needs/Functions 
While the current protocols serve their intended purpose of creating a uniform approach 
to calculate GHG emissions from wastewater collection and treatment operations, many of their 
simplifying assumptions warrant updates or refinements based on more recent research.  The 
protocols do allow for documentation of and use of “improved methodologies” for specific 
accounting exercises and this, in and of itself, allows for improved accuracy when these 
methods are available and used.  Ongoing and completed research should be foundational to 
updating the methodologies to align with our improved understanding of these wastewater-
related phenomena.  It is critical that researchers reach consensus on new methodologies and 
create simple enough to use, representative approaches for adaptation by the various 
protocols. 
Research needs to address the following aspects in support of improved use in GHG 
accounting: 
1. Significance.  Many GHG sources are currently assumed to be insignificant 
enough to avoid inclusion.  The threshold for significance is set by each protocol but is 
often on the order of 1 to 2% of the total Scopes-1-and-2 inventory.  If a new emission is 
determined to be insignificant then the current assumptions or lack of an identified 
methodology would be entirely acceptable. 
2. Representation.  The suitability of each new methodology must be laid out so as 
to cover the majority of systems and/or to provide clearly defined criteria for its use or 
non-use.  Instances where application of the method is cautioned should be avoided if at 
all possible. 
3. Science-Based Consensus.  In a number of areas, research teams are on steep 
learning curves and are quickly gaining improved understanding of how these processes 
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work and result in GHG emissions.  Rather than racing to develop a new methodology 
for inclusion in the protocols, it is just as important to develop and confirm agreement 
among the various researchers that the methodology is complete and representative.  
Protocols are not updated often so that consensus is paramount – additionally the 
flexibility to use “developing” methodologies provides an opportunity to still use new 
methodologies on case-by-case inventory development even when not specifically 
included in the protocol being used. 
 
Improved understanding of actual GHG emissions is important for all entities, and not 
just for scientific or environmental reasons but for strategic purposes, as well.  While not 
currently subject to GHG regulation in most of the US, there is a high likelihood that utilities will 
eventually be subject to GHG-reduction requirements or some form of cap-and-trade program.  
Knowing what the actual emissions sources are and understanding the overall make-up and 
magnitude of an entity’s overall emissions inventory will be critical and foundational to 
identifying how emissions can and will be addressed subject to any new requirements.  Not 
knowing alternatively represents an enormous organizational vulnerability.  Identification and 
accurate quantification of all emissions before regulators enact future GHG regulations will also 
be important. Because it will likely be the regulators and not the wastewater utility that 
determines how “new emissions” sources will be incorporated into a pre-existing GHG 
“baseline”, it is unclear how the regulators will adjust the required GHG reduction with respect 
to that new emission.      
Another distinction between GHG analyses is the purpose of those analyses.  The first 
purpose is for “GHG Accounting” which refers to documenting something that happened in the 
past.  The accounting function uses past data to quantify the GHG emissions for an 
organization over the period of time that is represented by those real data.  The second 
purpose is more forward-looking and could be called “GHG Planning”.  Under this second 
function, parties try to determine what the impact of current decisions will be on future GHG 
emissions, so that those impacts can be considered in today’s decisions.  While both functions 
can benefit from improved GHG-emission methodologies, the planning function remains 
dependent on a host of other assumptions that will be proven or disproven over time; while the 
backward-looking accounting function should be dependent solely on the method and the 
record of what actually happened. 
While this thesis is principally organized to develop new accounting-function 
methodologies, those methodologies could provide truer and more distinct alternative 
scenarios for planning as well.  As a crude planning example demonstrated by the improved 
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methods developed in this thesis, current protocols (that assume 1% of produced biogas would 
be emitted as un-combusted CH4) would detect no difference in Scope-1 GHG emissions if a 
utility were considering installation of a combustion turbine to avoid wasting their digester gas 
at their existing candlestick flare.  In stark contrast, the method-comparison results in Section 
4.3.2 suggest that such a conversion would reduce fugitive CH4 emissions from 21,000 MT 
CO2e/yr to only 60 MT CO2e/yr.  Adding these GHG-reduction benefits to an additional 46,000 
MT/yr of avoided purchased-power, Scope-2 emissions and the economic savings for not 
having to purchase that power has the potential to move the project from a “maybe” to a “go”.   
This distinction would be further enhanced if carbon reduction were considered to have 
“value”.  While in most parts of the world carbon is not taxed and GHG reductions have no 
value, this is changing under progressive governments.  Table 1-2 shows the value of 
renewable electricity generation and the value of the GHG reductions (either for the power 
offsets alone, or for power offsets combined with the fugitive CH4 from removing the flare from 
service).  The Canadian federal government has proposed a national carbon tax that would 
start at $10 CAD/MT CO2e (or $8.0 USD at a 1.25 CAD-to-USD exchange rate) in 2018 and 
rise to $50 CAD/MT CO2e (or $40 USD) by 2022; the federal tax could be avoided on a 
province-by-province basis if a province were to develop their own carbon-commodity tax or 
exchange program (Trudeau, 2016).  Similarly, in the US, the State of California has enacted a 
 
Table 1-2. Blue Plains AWTP GHG Emission Totals from January 2012 to June 2015.  
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cap-and-trade program that is administered by the California Air Resources Board (CARB).  In 
a CARB-administered auction held in August of 2017 carbon reductions were trading for 
$14.75 USD/MT CO2e.  The CARB GHG auction includes the Canadian providence of Quebec 
as a partner, which appears to be a move to implement their provincial solution.      
 
1.7 Research Objectives of this Thesis 
This research proposes to explore established protocols and develop methodologies for 
more accurately quantifying poorly covered GHG sources from wastewater treatment and 
conveyance.  The following research questions will be answered in the subsequent chapters of 
this thesis: 
Research Question 1. [Chapter 2]    How significant is CH3OH-based anthropogenic 
CO2 on a plant-specific and US-national scale?  Answering the over-arching question 
requires that the following supporting questions also be answered: 
(a) How significant is this emissions source on a plant-specific basis? 
(b) How significantly does the addition of anaerobic digestion and compliance 
with enhanced nitrogen removal (ENR) limits affect CH3OH use and 
associated GHG emissions?   
(c) Can these plant-specific significance factors be used to develop a national 
perspective on CH3OH-based CO2 emissions?   
(d) What options exist for reducing CH3OH-based CO2 emissions?   
 
Research Question 2. [Chapter 3]    Can a method be developed for estimating 
collection-system-based CH4 emissions and can the significance of those emissions 
be determined on a utility- and national scale?  This topic is supported by a number 
of supporting questions: 
(a) Can a simplified method for gravity-sewer- CH4 production be developed?   
(b) Can that gravity-sewer- CH4 method be tested/calibrated/verified against a 
full-scale gravity sewer system? 
(c) Can an analogous simplified method for forcemains and surcharged sewers 
be identified for use in concert with the new gravity-sewer method?  
(d) How should the two simplified methods be applied to a full sewer-shed and do 
changes in application approach affect the estimated emissions? 
(e) How significant is sewer-produced CH4 relative to utility-specific and national 
wastewater-related Scope-1 GHG emissions? 
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Research Question 3. [Chapter 4]    Can an improved, digester-gas-use-based, CH4-
emissions methodology be developed from available air-permit-compliance stack-
testing data? 
 
Research Question 4. [Chapter 5]    How does the GHG impact of power-use vary 
depending on the carbon intensity of the locally-supplied power generation?  Can 
Scope-1 GHG emissions be normalized in some manner for plant-to-plant 
comparisons or are the challenges identified in Section 1.4 too large to overcome?  
This effort depends on answering the following supporting questions: 
(a) Will a set of operational performance and power data from a series of plants, 
operated by the same utility, support or refute published industry expectations 
for power use on the basis of flow treated? 
(b) Would load-based criteria provide better correlations with WWTP data sets? 
(c) How widely does carbon intensity of electricity vary and how much of an 
impact could it have on the magnitude of a utility’s GHG emissions? 
(d) And finally, how significantly can electrical carbon intensity affect the overall 
GHG benefits of specific GHG-emissions-reducing plant upgrades?   
 
On a final note, and to provide some clarification, the interaction between 
Chapters 2 and 3, on CH3OH CO2 and sewer CH4 is described in Figure 1-4.  
Additionally, because some of the data and associated analyses were done in US and 
metric units, Figure 1-5 (arranged as an analogue to Figure 1-4) is presented to clarify 
how the units change between various aspects in the two chapters. 
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Figure 1-4. Logical Interrelationship of Chapters 2 and 3. 
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Figure 1-5. Changes in Units between Chapters 2 and 3. 
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Chapter 2.  Methanol-Derived CO2 Emissions 
 
2.1 Introduction 
CH3OH’s impact as a source of anthropogenic CO2 in denitrification at WWTPs has 
never been quantified. CH3OH is the most commonly purchased carbon source for sewage 
denitrification. Until recently, GHG reporting protocols consistently ignored the liberation of 
anthropogenic CO2 attributable to CH3OH.  This oversight can likely be attributed to a 
simplifying notion that CO2 produced through activated-sludge-process respiration is biogenic 
because most raw-sewage carbon is un-sequestered prior to entering a WWTP. Instead, a 
biogenic categorization cannot apply to fossil-fuel-derived carbon sources like CH3OH. This 
chapter provides a summary of how CH3OH use at the District of Columbia Water and Sewer 
Authority (DC Water) Blue Plains Advanced Water Treatment Plant (AWTP) amounts to 60 to 
85% of the AWTP’s Scope-1 emissions.  The USEPA and Water Environment Federation 
(WEF) databases suggest that CH3OH CO2 likely represents one quarter of all Scope-1 GHG 
emissions attributable to sewage treatment in the US.  Finally, many alternatives to CH3OH use 
exist and are discussed. 
Many surface waters experience eutrophication caused by excessive N and phosphorus 
loading, and in response, the USEPA has regulated select WWTP discharges for N and/or 
phosphorus. Large and notable regulated water bodies include the Chesapeake Bay, Lake 
Erie, Lake Ontario, Lake Michigan, Lake Huron, Long Island Sound, and Puget Sound. 
USEPA’s Clean Water Needs Survey (CWNS) (CWNS, 2008) indicates that 284 WWTPs in the 
US denitrify their effluent and almost 200 of those use CH3OH as a carbon source to enable 
that process (Theis & Hicks, 2012). The number of WWTPs, N removal levels required, and 
associated CH3OH use is expected to increase in the US and globally as time evolves. 
Most GHG reporting protocols currently do not account for the conversion of CH3OH to 
CO2 and its subsequent release as an anthropogenic emission, largely because all CO2 
evolving from WWTPs is assumed to be biogenic. Instead, CH3OH is derived from natural gas, 
which is a fossil fuel, and is introduced by WWTP operations staff. In 2012, ICLEI published 
their US Protocol methodology for “Process carbon dioxide emissions from the use of fossil fuel 
derived methanol for biological N removal” (WW.9) to more appropriately account for this 
phenomenon. 
WWTPs have conventionally removed NH3 in influent sewage through nitrification and 
denitrification (USEPA, 2007). Through the nitrification process, NH3 is converted to nitrate  
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(NO3-) in the presence of oxygen (O2). The stoichiometry for this two-stage process is as 
follows: 
1) NH3 oxidized to nitrite (NO2-): NH3 + O2 → NO2- + 3H+ + 2e-  Eq.2-1 
2) NO2- oxidized to (NO3-): NO2- + H2O → NO3- + 2H+ + 2e-  Eq.2-2 
 
In the subsequent stage under anoxic conditions, NO3 is biologically reduced to N2 gas 
and released to the atmosphere. The biology will only use NO3 oxygen when limited dissolved 
O2 is available, as dissolved O2 is a preferred oxygen source. Additionally, for the denitrification 
process to take place, a readily-degradable carbon/food source like CH3OH is needed. The 
denitrification stoichiometry with a CH3OH substrate is as follows: 
3) Denitrification: 6 NO3- + 5CH3OH → 5CO2 + 3N2 + 7H2O + 6OH- Eq.2-3 
 
Chapter 2 Objectives: The objective of this chapter is to assess the significance of 
CH3OH CO2 emissions by: 
A. Developing a site-specific CH3OH-derived CO2 emissions methodology for the 
Blue Plains AWTP. 
B. Applying that methodology to data at the AWTP to determine the magnitude of 
those emissions within the context of an already-developed GHG inventory for 
that plant.   
C. Develop a separate methodology, using the developed Blue Plains Scope-1 
emissions inventories, to estimate the national significance of CH3OH CO2 as a 
function of the entire country’s wastewater-treatment-related Scope-1 emissions. 
D. Identify options for reducing WWTP use of CH3OH. 
 
2.2 Materials and Methods 
This chapter uses operational and GHG emissions inventory data from DC Water’s Blue 
Plains AWTP.  Site-specific, anthropogenic CO2 emissions factors per unit CH3OH fed are 
developed using ICLEI’s WW.9 methodology as a starting point, for the AWTP during operation 
before and after DC Water’s recent upgrades that included advanced anaerobic digestion and 
biogas-fuelled combined heat and power (CHP); and that increased the CH3OH use 
considerably to treat the increased sidestream NH3.  National databases are then used to 
categorize the flow treated in the US based on effluent TN limits and the presence of lack of 
anaerobic digestion.  These materials and methods are summarized in the following 
subsections.    
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2.2.1 GHG Accounting Protocols’ Treatment of Methanol 
Most GHG accounting protocols (WRI, 2004; IPCC, 2006a; CARB, 2008; TCR, 2008; 
NGER, 2013; NGA, 2013) - at least by omission if not overtly - assume that all CO2 emitted 
from processing/conversion of wastewater COD is biogenic. ICLEI’s WW.9 methodology 
identified that CH3OH used as a carbon source at WWTPs for biological nutrient removal would 
generate Scope-1 anthropogenic CO2 emissions. Scope-1 GHG emissions are actual GHGs 
evolving from combustion of fossil fuels or direct release of more potent GHGs. Scope-2 
emissions, which tend to dominate WWTP reportable inventories, are produced when energy 
used at a facility (typically electricity but also purchased heat) is produced. While Scope-2 
emissions do not actually occur on site, the amount consumed at a WWTP is controlled by the 
utility. Most accounting protocols require that totals of Scopes 1 and 2 are reported.       
IPCC (2006b) accounts for CH3OH manufacturing emission factors using a number of 
manufacturing-process-specific methodologies. Direct GHG emissions from the production 
process, classified as Scope-1, are the responsibility of the manufacturer. Similarly, power and 
heat purchased for CH3OH manufacture are accounted for as Scope-2 emissions at the 
production facility. For the WWTP, however, these manufacturing emissions are classified as a 
Scope-3 emission (not directly attributable to the WWTP itself) and are often excluded from 
GHG emissions inventories. These third-party manufacturing emissions are discussed but not 
included in the Scopes-1 and-2 GHG emissions totals herein. 
ICLEI’s Method WW.9 uses an 80% conversion factor of CH3OH carbon to emitted CO2 
from a WWTP’s biological treatment process; the balance of the carbon is assumed to be 
converted to cell mass. The method differentiates the following disposition for the CH3OH-
derived cell-mass carbon as a function of the WWTP’s specific solids-disposition category: 
• If raw solids are dried or directly disposed of without further processing, the 
remaining produced cell mass is assumed to remain intact without further destruction 
of cell mass carbon and liberation of CO2. These practices would result in a net 
release of 80% of the fed CH3OH carbon as CO2. 
• If produced solids are digested or stabilized using a biological process, it is assumed 
that half of the cell-bound carbon would be liberated and converted to CO2, resulting 
in a 90% overall release of CH3OH carbon as CO2. In anaerobic digestion, cells 
would first be released as a combination of CH4 and CO2, before the CH4 is assumed 
to be burned and fully converted to CO2. 
• If raw sludge is incinerated or thermally destroyed, all cell carbon is assumed to be 
released as CO2.  Accordingly, 100% of CH3OH fed to the WWTP would be 
converted to CO2. 
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2.2.2 Development of a Site-Specific Methylotroph Yield for Blue Plains 
 A site-specific yield rate for methylotrophs for DC Water is developed herein that 
considers measured and operation-specific kinetics in lieu of the ICLEI rule’s default of 0.20 g 
CO2-carbon/g CH3OH-carbon. The calculation herein uses an ideal CH3OH cell yield of 0.40 
mg biomass-COD/mg CH3OH-COD based on Dold’s research (Dold et al., 2008) conducted at 
Blue Plains; this yield is lower than for other influent COD sources, indicating that a higher 
percentage of the CH3OH carbon is released as CO2 directly from the biological process. The 
following equation is used to derive methylotroph-observed yields from the Blue Plains 
nitrification and denitrification activated sludge processes: 
Yobs  = methyltrophs  + cell debris       Eq.2-4 
 = Y / (1+b*SRT) + fd*Y*b*SRT / (1+b*SRT) 
= Y / (1+bae*SRTae+ bax*SRTax) + fd*Y*(bae*SRTae + bax*SRTax ) / (1+ bae*SRTae+ bax*SRTax) 
= 0.40 / (1+0.24*11.6 + 0.12*7.8) + 0.15*0.40*(0.24*11.6+0.12*7.8) / (1+0.24*11.6+0.12*7.8)
 = 0.132 gCODbio/gCODCH3OH for systems with 11.6-day aerobic SRT and 7.8-day anoxic SRT 
 Where: Yobs = observed yield 
Y = theoretical yield  = 0.40 gCODbio/gCOD CH3OH 
b = decay rate 
SRT = solids retention time 
fd = fraction of biomass remaining as cell debris = 0.15 
bae = aerobic methylotroph decay rate   = 0.24 d-1 
bax = anoxic methylotroph decay rate   = 0.12 d-1 
SRTae  = aerobic solids retention time   = 11.6 days  
SRTax = anoxic solids retention time   = 7.8 days 
                        gCODbio = gram of biomass COD 
                   gCODCH3OH = gram of CH3OH COD 
 
With digestion recently brought on line, the ICLEI assumption that half of the remaining 
CH3OH-derived cell mass would be liberated as CO2 is used. The assumed yields pre- and 
post-digestion are 0.132 and 0.066 gCODbio/gCODCH3OH, respectively.  If the fate of CH3OH-
derived, activated-sludge carbon through the digestion were better known, an alternative 
method and actual treatment plant data could be used instead of the defaults provided.  
 As a further clarification, biogas (approximately 60% CH4 and 40% CO2) is produced 
when cell mass is destroyed. At Blue Plains biogas is either beneficially used as a fuel in CHP 
or boilers, or burned using a high-efficiency, waste-gas flare. Under any scenario, CH4 is 
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completely oxidized and released as CO2. Accordingly, additional cell carbon released in 
digestion is assumed to ultimately be emitted in CO2 form.     
 The COD-based values must be adjusted to account for the carbon mass per unit COD 
in CH3OH and the biomass, respectively. The conversion for CH3OH is fairly straightforward, as 
follows: 
 Carbon fraction of CH3OH  = mC/mCH3OH  = 12 / (12+3+16+1)   Eq.2-5 
= 0.375 gC/gCH3OH 
 COD per gram CH3OH   = 1.50 gCOD/gCH3OH     Eq.2-6 
    grams C per gram CH3OH COD = 0.375 gC/gCH3OH / 1.50 gCODCH3OH/gCH3OH  Eq.2-7 
     = 0.25 gC/gCODCH3OH 
Where: mC = atomic mass of carbon 
mCH3OH = atomic mass of CH3OH 
gC = gram of carbon 
            gCH3OH = gram of CH3OH 
gCOD = gram of COD 
 
 The conversion for biomass depends upon the assumed carbon content and COD per 
unit volatile suspended solids in the biomass (VSSBio):    
Carbon fraction of biomass (Ekama 2009) = 0.52 gCbio/gVSSbio   Eq.2-8 
COD per gram of biomass    = 1.48 gCOD/gVSSbio   Eq.2-9 
grams C per gram biomass COD = 0.52 gCbio/gVSSbio / 1.48 gCOD/gVSSbio Eq.2-10 
     = 0.35 gCbio/gCODbio 
Where: gCbio = gram of biomass carbon 
 
 Using these per-unit-COD-corrected carbon concentrations changes the original yield 
equation as follows for the carbon balance: 
         Yobs-C-PreUp = 0.132 gCODbio/gCODCH3OH * 0.35 gCbio/gCODbio / 0.25 gCCH3OH/gCODCH3OH Eq.2-11 
 = 0.185 gCbio/gCCH3OH 
        Yobs-C-PostUp = Yobs-C-PreUp * 50%  = 0.185 gCBio/gCCH3OH * 50%   Eq.2-12 
= 0.925 gCBio/gCCH3OH 
Where:            Yobs-C-PreUp = Observed CH3OH cell yield before anaerobic digestion 
           Yobs-C-PostUp = Observed CH3OH cell yield after anaerobic digestion 
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 The converse of the carbon cell yield equals the amount of carbon liberated to the 
atmosphere.  The Blue Plains AWTP anthropogenic CO2 emission rates for the pre- and post-
digestion-upgrades for CH3OH addition are therefore: 
ERCO2-PreUp = (1 - Yobs-C-PreUp) * ρCH3OH * mC/mCH3OH * mCO2/mC    Eq.2-13 
  = (1 - 0.185) * 0.791 * 0.375 * (12+16*2)/12 = 0.886 kgCO2/L-CH3OH 
ERCO2-PostUp = (1 - Yobs-C-PostUp) * ρCH3OH * mC/mCH3OH * mCO2/mC   Eq.2-14 
  = (1 - 0.0925) * 0.791 * 0.375 * (12+16*2)/12 = 0.987 kgCO2/L-CH3OH 
 Where: ER = emission rate in kg CO2/gallon CH3OH fed to process 
   ρCH3OH = density of CH3OH = 0.791 kg/L 
 
2.2.3 Overview of the Blue Plains AWTP and its Nitrogen Performance, 
CH3OH Use, and GHG Emissions  
The Blue Plains AWTP is a very large facility, treating an average of over 13 cubic 
meters per second (m3/s) of domestic sewage from a population of over 2.2 million people in 
the District of Columbia and surrounding counties in Maryland (MD) and Virginia (VA). Sewage 
is treated to very stringent effluent phosphorus standards and what is referred to as “limit of 
technology” effluent-N standards or ENR.   
The AWTP’s treatment flow path consists of preliminary treatment; primary 
sedimentation; high-rate, carbonaceous, coarse-bubble, air-activated sludge; B-stage, 
nitrification/denitrification fine-bubble, air-activated sludge; chorine disinfection; filtration; and 
de-chlorination.  Figure 2-1 shows the Blue Plains flow train and solids processing in operation 
until the end of 2014; solids processing included separate gravity thickening for primary sludge 
and dissolved-air-floatation thickening for secondary and nitrification waste activated sludge, 
centrifuge dewatering, and lime stabilization.  
Figure 2-2 schematically depicts plant processes currently in place after construction of 
new solids handling upgrades which include sludge-screening, centrifuge pre-dewatering, 
thermal hydrolysis, anaerobic digestion, and belt-filter-press final dewatering processes went 
into service at the beginning of 2015. However, combustion-turbine-based CHP was not 
consistently operating until after June 2015, requiring the boilers to use digester gas and/or 
natural gas to produce steam to heat the digestion pre-treatment system. The boilers were fed 
exclusively natural gas initially but the fuel was switched to digester gas as the stabilizing 
anaerobic-digestion process ramped up and eventually produced the necessary supply.  
During normal operation, digester gas will fuel the electricity- and steam-producing turbines 
(and boilers, but only in a back-up mode). 
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Figure 2-1. Blue Plains AWTP Process Schematic with Lime Stabilization (Pre-Upgrades). 
 
 
 
Figure 2-2. Blue Plains AWTP Process Schematic with Anaerobic Digestion (Post-Upgrades). 
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The AWTP’s performance from January 1, 2012 to July 30, 2015 is used in this chapter. 
Figure 2-3 shows the nitrification process influent (inclusive of recycles) and effluent TN mass, 
TN mass removed, and volume of CH3OH used within the process, including daily performance 
and 30-day rolling averages.  Prior to starting up the plant upgrades in the beginning of 2015, 
Blue Plains produced effluent with TN concentrations averaging just below 4.0 milligrams per 
liter (mg/L) while using between 49,000 and 57,000 litres per day (L/D) of CH3OH. The CH3OH 
purchased by DC Water is virtually pure and is assumed to be 100% CH3OH in their GHG 
calculations and in this chapter.  During this period, the AWTP’s solids were lime-stabilized and 
beneficially reused without a significant sidestream-NH3 or ammonium (NH4+) source.   
DC Water brought its new Cambi® thermal-hydrolysis anaerobic-digestion process on 
line over a 4-month period at the end of 2014 before becoming fully operational at the 
beginning of 2015. Cambi uses thermal hydrolysis to “pressure cook” dewatered sludge solids 
at 150 pounds per square inch gauge (psig) and 165 degrees Celsius (OC) upstream of 
digestion, increasing the amount of solids converted to biogas, and sterilizing and improving 
dewaterability/final solids content of the produced biosolids. The solids upgrades increased 
daily CH3OH consumption by approximately 54 percent to between 76,000 and 87,000 L/D, in 
order to treat NH3/NH4+ produced in the digesters that is recycled to the nitrification/ 
 
Figure 2-3. Blue Plains AWTP Nitrification Process Performance and CH3OH Consumption. 
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denitrification activated-sludge process. Plant-effluent TN was also reduced to an average of 
3.3 mg/L during the first 6 months of 2015.   
 DC Water has maintained a GHG emissions inventory since 2007 in anticipation of a 
number of energy-consumption-reducing, renewable-power-generating, and GHG-lowering 
improvements that are almost all on line now (the exception being a sidestream 
deammonification process that will be commissioned in 2017). Table 2-1 summarizes the total 
Scopes-1-and-2 GHG emissions for the Blue Plains AWTP over calendar years 2012, 2013, 
2014, and the first half of 2015.  Of note, sewer CH4 is not included in the historical inventories 
but it has been added here based solely on the results of Chapter 3 of this thesis; so as to 
integrate the results of subsequent chapters into this one.  More specifically, half of the 
10th-percentile parsing sewer-CH4 estimate of 12,793 metric tons (MT) of CO2e per year for the 
2014 flows and temperatures (from Table 3-7) has been uniformly added for each of the 
6-month periods in this chapter.  
Pre-digestion performance over 2012 through 2014 is averaged for comparison with the 
first half of 2015, when anaerobic digestion was operational. Table 2-2 presents these same 
data, normalized to MT of CO2e emissions per month, for separate periods of time before and 
after the upgrades.  Table 2-2 post-upgrade emissions have been modified to remove specific 
 
 
Table 2-1. Blue Plains AWTP GHG Emission Totals from January 2012 to June 2015.  
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start-up-related emissions so as to better simulate planned operation when the combustion 
turbines consistently use digester biogas as a renewable fuel for CHP. The adjustments made 
to the data presented in Table 2-1 and that have been included in the monthly emissions data 
shown in Table 2-2 are as follows: 
• Natural gas consumption was considerably higher during Cambi and digestion start-
up, as that fossil fuel was used by boilers to produce steam before the digesters 
were producing enough digester gas; this is a condition that only occurs during 
process start-up and is not expected to be required at any future time. Accordingly, 
the natural gas emissions in Table 2-2 have been set at the average for 2012 to 
2014 of 232 MT CO2e/month instead of the actual rate of 726 MT CO2e/month. 
• The digester-gas-fired combustion turbines were started later than the rest of the 
Cambi-digestion process and only running consistently after the analysed period. 
During the first six months of 2015, the AWTP used an average of 25 to 26 
megawatts (MW) of purchased electricity. The turbines are projected to produce an 
 
 
Table 2-2. Blue Plains AWTP Adjusted GHG Emissions Normalized to Monthly Average Production 
(2015 emissions have been adjusted downward for natural gas use and purchased power). 
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average net output of slightly over 10 MW. Based on this, the AWTP’s grid power 
consumption for the first half of 2015 has been reduced by exactly 40 percent, 
reducing associated monthly GHG emissions from 9,021 to 5,413 CO2e/month 
during that same period. 
 
The Scope-1 emissions data from Table 2-2 are recast in Table 2-3 on a per-unit-flow-
treated basis.  These emissions have been summarized as two categories: CO2 from CH3OH 
and all other Scope-1 emissions. 
 
2.2.4 USEPA Discharge-Monitoring-Report and WEF US-Digestion 
Databases 
A few basic assumptions are needed to assess the significance of CO2 emissions from 
wastewater CH3OH use on a national scale. As CH3OH demand is largely dictated by effluent 
TN requirements, the amount of wastewater treated to comply with graduated TN-treatment 
standards must be known or somehow estimated. Additionally, WWTPs meeting ENR 
standards are more likely to be heavily dependent on CH3OH use than those meeting less 
stringent, biological-nitrogen-removal (BNR) standards, representing those facilities typically 
producing effluent with TN concentrations of 5.0 to 9.0mg/L range requirements.  As a 
clarification, the term “BNR” often refers to “biological nutrient removal”; however, because 
Blue Plains removes phosphorus chemically and because increased CH3OH use is normally 
driven by increased nitrogen removal requirements, that acronym’s use herein is associated 
exclusively with nitrogen. 
 Table 2-4 summarizes data from USEPA’s (2016a) Discharge Monitoring Report (DMR) 
Pollutant Loading Tool for calendar years 2007, 2010, 2012, 2014, and 2015. Number of 
facilities, total daily flows, percent of determined flow (calculated by adding Secondary, BNR, 
and ENR flows and excluding undetermined flows), and percent of total flow (including 
 
 
Table 2-3. Monthly Blue Plains AWTP CH3OH and Other Scope-1 GHG Emissions per-m3/s-Treated. 
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undetermined flows) are presented. The 2007 data, while provided for context, do not align with 
other reported years; having considerably lower total flows and numbers of facilities and 
divergent trends in permit conditions that are suggestive of a change in sample approach or at 
very least response completeness.  As such, 2007 data have been excluded from the 
subsequent analyses.  The downloaded DMR data have been summarized and adjusted as 
follows: 
• Approximately 1 or 2 manual modifications were made each year to correct for 
anomalous data for plants identified as treating over 8 m3/s (or 180 million gallons 
per day, based on units in the DMR database) but known to be treating much less 
(e.g., almost-certainly inaccurate data whose overestimates of flow would have 
incorrectly skewed the results; these plants would appear with large flows in one 
year and not in any of the other years downloaded from the DMR database). 
• The following ranges of effluent TN concentrations were used to classify facilities: 
1. Greater than 10.0 mg/L as “Secondary” or “Sec”;  
2. Between 4.0 and 10.0 mg/L as “BNR”; 
3. Between 2.5 and 4.0 mg/L as “ENR”; 
4. Reporting effluent N less than 2.5 mg/L as “Undetermined” based on two 
factors:  
 
Table 2-4. Summary of all USEPA DMR Discharges for select Calendar Years from 2007 to 2015 by 
Effluent-Total-Nitrogen Category. 
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▪ An attempt to define a threshold where a reasonable match could be 
made for the 284 ENR plants and 200 plants using CH3OH in 2006 that 
were mentioned previously (CWNS, 2008, Theis & Hicks, 2012);  
▪ The fact that there are few, if any, WWTPs averaging less than 2.5 
mg/L TN; suggesting that the plants in the database with these values 
likely fall into one of the other three classifications. 
 
Figure 2-4 depicts flow treated by identified WWTP categories over those same 
reporting years.  These charts depict increasing trends (both USEPA DMR annual totals and 
linear trend lines are shown) in flows being treated at WWTPs with increasingly stringent 
effluent-N limits. From 2010 to 2015, trending volumes of wastewater treated by ENR and BNR 
plants increased by 71% and 18% respectively, while combined flows at secondary and 
undetermined plants decreased by 3%. The increasing number and stringency of permits 
suggests that CH3OH use has also likely increased and would continue to increase in the 
absence of other factors. 
Much like effluent TN requirements, the use of anaerobic digestion creates a significant 
internal source of NH3/NH4+ that further increases CH3OH demand.  The number of WWTPs 
using anaerobic digestion is needed for the national context due to digestion’s significance on 
plant NH3 load, resulting CH3OH demand, and total Scope-1 GHG emissions (as evidenced by 
Blue Plains where CH3OH use increased by 54% with the addition of anaerobic digestion). 
 
(A) By Number of Facilities               (B) By Flow Treated in m3/s 
   
 
Figure 2-4. Trends in Total-Nitrogen Effluent Permitting by Facilities (A) and Flow (B). 
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Table 2-5 presents data developed from the Water Environment Federation’s (Qi & Beecher, 
2013) Biogas Production and Use at Water Resource Recovery Facilities in the United States 
database. These data were used in lieu of USEPA’s DMR data due to USEPA’s acknowledged 
short-comings within their own database concerning the infrastructure in place at specific 
WWTPs (many of which have not been updated since the mid-1980s).  The WEF effort was 
specifically initiated in 2012 to update USEPA data and used a combination of the 2008 and 
2012 DMR data as a foundation; the database was updates with an extensive surveying effort 
of both the utilities themselves but also consultants and equipment vendors who have often 
done recent work at multiple WWTPs.  The WEF data have not been modified and have been 
grouped into the following three digestion classifications:        
1.  “Digesters with advanced gas use” includes WWTPs with anaerobic digestion 
that use biogas in engine-driven process equipment, internal combustion 
engines, turbines, or microturbines, or inject into a natural-gas pipeline. 
2. “Digesters with no or unknown advanced gas use” includes plants that only 
use biogas to produce heat for the digesters or building heating. Plants known to 
have digesters but whose gas use was listed as “unknown” are also included in 
this class. 
3. “No or unknown digesters” includes WWTPs that are known do not have 
anaerobic digestion.  This group further includes any plant not confirmed to have 
anaerobic digestion. 
2.2.5 Methodology to Determine CH3OH-CO2 National Scope-1 Significance  
The national significance methodology uses Blue Plains AWTP data from Table 2-3, the 
USEPA-DMR-derived percentages of flow treated to the various effluent categories in 2015, 
and similar WEF-database-developed percentages for plants with or without anaerobic 
digestion.  Plants with anaerobic digestion and those with anaerobic digestion with biogas use 
have been combined into a single “with anaerobic digestion” category as the advanced gas use 
 
 
Table 2-5. Summary of US Plants with Anaerobic Digestion and/or Advanced Biogas Use.  
(From 2012 Survey; Sludge from approximately 64% of the flow is treated using anaerobic digestion) 
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for CHP would not affect the Scope-1 emissions; only Scope-2 purchased power.  Additionally, 
by eliminating the “undetermined” effluent-TN classification and distributing the remaining 
categories proportionately across the entire US annual flow, six categories of facilities are 
defined.  These categories, each category’s derived percent of Blue Plains CH3OH emissions 
and the monthly CH3OH and other-Scope-1 GHG emissions per average flow treated are listed 
in Table 2-6.   
The final factor used to assess CH3OH use on a national scale is allocation of Blue 
Plains Scope-1 GHG emissions to plants operating in various combinations of the above 
effluent-TN-performance categories and presence of anaerobic digestion and/or anaerobic 
digestion with biogas use (the two categories have been combined as the advanced gas use 
for CHP would not affect the Scope-1 emissions; only Scope-2 purchased power). Table 2-5 
shows how the DC Water Scope-1 emissions have been adjusted to cover the range of plants. 
The Blue Plains per-unit-flow-treated emissions rates from Table 2-3 are multiplied by two 
factors: the first adjusts the estimated carbon demand for other plants in the category relative 
to Blue Plains carbon demand and the second accounts for the likelihood that the carbon 
demand would be met by CH3OH use (this second factor has been uniformly set at 70.4% 
based on the ratio of 200 of 284 ENR WWTPs using CH3OH (USEPA, 2008)).  Together, these 
factors result in a consolidated CH3OH-use factor relative to the Blue Plains AWTP, for which 
we have data.  
These “carbon-demand-as-compared-to-Blue-Plains” factors are based entirely on 
educated judgment, as no reference currently exists covering such permutations.  These 
approximations are considered “likely” and based on the following aspects of the Blue Plains 
AWTP’s unique operations relative to the rest of the US WWTPs: 
• Because of its two-stage activated-sludge configuration with a carbonaceous “A-stage” 
followed by “B-stage” that nitrifies and denitrifies, Blue Plains has very limited 
indigenous carbon in the influent to its B-stage. The upstream high-rate treatment 
process removes this potential substrate that could be used to denitrify NO2- or NO3- at 
most other plants with BNR or ENR limits.  Most other plants would use this raw-sewage 
carbon to offset a portion of the Blue Plains CH3OH dose.  Because of this, other ENR 
plants are estimated to use only 75% and 50% of Blue Plains’ supplemental carbon use 
with and without digestion, respectively.   
• For plants with less stringent BNR-effluent-TN requirements, less N is removed and 
therefore less surplus carbon would be needed. No documentation could be found of 
any BNR plants without anaerobic digestion using CH3OH and therefore, no CH3OH use 
is assumed for that classification. On the other hand, many large BNR WWTPs with 
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digestion are known to use supplemental carbon.  The 26th Ward, Wards Island, and 
Hunts Point WWTPs operated by the NYCDEP are examples of such and are discussed 
in more detail in Chapter 5. BNR plants with digestion are assumed to have only 20% of 
Blue Plains’ carbon demand. 
• Secondary WWTPs are not required to remove N.  Therefore, no CH3OH use is 
assumed.  
 
2.3 Results and Discussion 
 This section discusses the before- and after-digestion GHG emissions from Blue Plains 
and an estimation as to the relative national production of CH3OH CO2.  Alternatives that could 
be employed to reduce CH3OH use are also discussed. 
 
2.3.1 Blue Plains GHG Emissions Changes from Upgrades 
Figure 2-5 uses the adjusted data (from Table 2-2) to show the relative contribution of 
each emission source to the AWTP’s emissions totals for Scopes-1 and -2 combined, and for 
Scope-1 alone, for the pre- and post-digestion operational periods.  Figures 2-5 A and 2-5 B 
(Scope-1-and-2 emissions before and after upgrades, respectively) show how the 
Cambi/Digestion/CHP upgrades have reduced the Scopes-1-and-2 GHG emissions while 
dramatically increasing the significance of CH3OH as a portion of the overall, yet smaller, 
inventory.  Comparison of Figures 2-5 C and 2-5 D (Scope-1 emissions before and after 
upgrades, respectively) show how the upgrades have increased the AWTP’s Scope-1 GHG 
emissions by almost 30%─due entirely to increased CH3OH use.  
It is important to recognize that the sample set for post-digestion is smaller; that it 
includes perturbations associated with various process start-ups; and that it has been manually 
adjusted as discussed previously.  Despite those qualifications, the following meaningful 
observations can be made: 
1. From a Scope-1 perspective, CO2 emissions attributable to CH3OH are extremely 
significant, representing 46% and 60% of Blue Plains’ Scope-1 emissions for pre- and 
post-digestion, respectively. CH3OH CO2 is 6 to 10.5 times as significant as the next 
most significant Scope-1 emissions source currently included in the GHG protocols, that 
being for natural gas use.  Post-digestion CH3OH CO2 increased by 12,500 MT 
CO2e/month (or 75%) due primarily to increased CH3OH use but also compounded by 
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the increased CO2-emission rate with digestion of CH3OH-generated, activated-sludge 
cell mass. 
2. From a combined Scopes-1-and-2 perspective, CH3OH-related emissions are still 
significant, although not as significant as electricity consumption. CH3OH CO2 
represents 11% and 26% of Blue Plains’ Scopes-1-and-2 emissions for pre- and post-
digestion, respectively. The high post-digestion value (26%) is due to increased CH3OH 
CO2 and the reduction in Scope-2 electricity emissions (that representing a 34% 
reduction from the entire pre-digestion inventory). 
3. Digester-gas-fuelled-CHP Scope-2 reductions are being made subsequent to prior 
upgrades that reduced the AWTP’s average electrical consumption from approximately 
32 MW to 25.5 MW. Together, the two projects represent a 50% reduction in grid-
purchased electrical power. 
4. If Scope-3 manufacturing emissions were added to the presented inventories, the pre- 
and post-digestion CH3OH-related emissions would be increased by almost 11,000 and 
 
Figure 2-5. To-Scale GHG Emissions Contributions (in MT CO2e/yr, and as % of each depicted inventory) 
for the Blue Plains AWTP as Part of Scopes-1-and-2 and Scope-1-Only Emissions Inventories.  
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17,000 MT CO2e/month, respectively; increasing the apparent CH3OH impact by 64% 
and 57%.  
5. It might occur to some that by adding advanced digestion to Blue Plains, Scope-1 
emissions increase by 12,600 MT CO2e/yr and that Scope-3 manufacturing emissions 
would have added another 6,150 CO2e/yr. These overall Scope-1 increases would give 
rise to questions as to whether the upgrades were an improvement from a GHG 
perspective?  Fortunately, the following factors more than entirely offset CH3OH-use 
increases: 
a. 46,000 MT CO2e/yr of reduced Scope-2 emissions from purchased electricity. 
b. 5,700 MT CO2e/yr Scope-3 reduction in biosolids-hauling, fuel-consumption. 
c. Elimination of 12,600 MT CO2e/yr Scope-3 emissions for lime manufacture. 
These reductions and CH3OH-related increases result in a net reduction of 
approximately 45,000 MT CO2e/yr.  Significant GHG reductions considering that effluent 
TN was also reduced by 17%.   
 
DC Water is nearing completion on the construction of a sidestream deammonification 
process that is scheduled for start-up in 2017.  Once online, the following additional 
improvements are projected, relative to the 148,766 MT CO2e/yr pre-upgrades baseline: 
+ Decrease of 7.8% (11,600 MT CO2e/yr) from avoided Scope-1 CH3OH CO2. 
+ Decrease of 3.9% (5,800 MT CO2e/yr) from avoided Scope-3 CH3OH production. 
– Increase of 7.6% (11,300 MT CO2e/yr) attributable to increased N2O production and 
emission for N removal using deammonification where 1.0% of removed N is assumed 
to evolve as N2O; this would be in contrast to the ultra-low, measured 0.01% of N 
removed for the Blue Plains AWTP mainstream ENR process (Ahn, et al., 2010). 
+ Power savings very conservatively assumed to represent a 0% decrease based on 
uncertainty of the AWTP’s ability to realize blower turn-down savings from avoided 
Scope-2 electricity; actual reductions could be as high as 5.5% (8,200 MT CO2e/yr). 
= Net result is a 27.4% to 32.9% overall GHG reduction after completion of the entire 
program.  
 
 In addition to reducing GHG emissions, the upgrades are projected to save between $25 
and $35 million per year for DC Water and the utility’s rate payers through parallel reductions in 
biosolids hauling/beneficial use costs, lime purchases, and power purchases.  As such, the 
upgrades have been a success from multiple, triple-bottom-line perspectives. 
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2.3.2 Estimation of National CH3OH-CO2 Scope-1 GHG Significance 
 Table 2-6 provides a summary of the US wastewater CH3OH-CO2-related and other-
Scope-1 emissions for calendar 2015 USEPA DMR data.  The estimations provided are based 
on the methodology described in Section 2.2.5.  The results suggest that almost 12% of all 
Scope-1 emissions for wastewater treatment in the US are attributable to CH3OH use.  
While this estimation is a result of several assumptions, a finding of over 10%, or in fact 
anything greater than 1 or 2%, would be considered relevant under GHG protocols and likely 
by any GHG-reporting agencies.  It is additionally important to realize, that while the national 
average is estimated as 11.7%, for plants that do use CH3OH that use is likely one of, if not 
their most significant source of direct GHG emissions. 
 
2.3.3 Options for Reducing Methanol CO2 Emissions 
 Because of its significance, opportunities to reduce and/or eliminate CH3OH use should 
be considered. Some of the more common methods that are in use today to reduce or 
eliminate CH3OH-induced anthropogenic CO2 emissions include: 
1. Use of other renewable carbon substrates. Options include:  
a. Glycerol, which is in use at NYCDEP plants including Hunts Point, 26th Ward, 
and Wards Island, and pilot tested by the Washington Suburban Sanitary 
Commission (WSSC; Prince George’s and Montgomery Counties, MD) at their 
Parkway plant (Selock et al., 2008). Glycerol is produced during biodiesel 
synthesis, and its availability is on the rise in parallel with increases in this 
 
 
Table 2-6. Estimate of 2015 US WWTP Scope-1 GHG Emissions Attributable to CH3OH. 
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renewable fuel’s production. The Blue Plains AWTP’s recent ENR upgrades 
included facilities allowing glycerol use, however economics have favoured 
continued use of CH3OH. 
b. Proprietary renewable carbon substrates are marketed as replacements for 
CH3OH; these are typically derived from agricultural crops or waste materials. 
c. Other readily-degradable, waste products from commercial or agricultural 
operations might be attractive if available near the WWTP. For example, 
Renewable Water Resources (ReWa in Greenville, South Carolina) recovers off-
specification vegetable and fruit products from a nearby industrial operation. They 
ferment the material to increase its degradability and use it as a biogenic 
denitrification carbon source.   
2. Sludge fermentation. Readily-degradable carbon can also be produced in a WWTP 
through fermentation of sludge; the fermented sludge streams are typically split into 
a lower-solids “fermentate” and a concentrated solids phase. Fermentate can be fed 
to the denitrification process to satisfy carbon demand.  Primary-sludge fermentation 
has been practiced at the Orange Water and Sewer Authority (OWASA in Chapel 
Hill, North Carolina) since 1990 (Brinch et al., 1994). 
3. Reduced denitrification carbon demand through sidestream NO2- pathways.  
Figure 2-6 provides an overview of the various NH3-removal pathways currently used 
and/or under investigation (Neethling et al. 2015).  Historically, facilities have used 
nitrification and denitrification pathways requiring the full energy for O2 supply and 
fully satisfying the carbon demand. Within the last 20 years, new processes have 
been developed that de-select for NO2- oxidizing bacteria (NOB) and stop the 
oxidation processes at NO2- (instead of NO3-); reducing aeration energy by 25% and 
carbon demand by 40%. This biological de-selection was originally accomplished 
with digester effluent by limiting O2 concentrations and maintaining the process at 
higher temperatures, typically between 30 and 35 OC.  These temperatures 
correlated nicely with anaerobic digester effluent as the process typically operates at 
35 OC (Van Hulle et al., 2007; Blackburne et al., 2008).  These nitritation-denitritation 
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processes have been used on digested sludge dewatering recycle streams and on 
the digested sludge itself (Parravicini et al., 2008).  Other researchers have found 
that free nitrous acid can also be used to limit NOB activity (Wang et al., 2014). 
4. Reduced denitrification carbon demand through sidestream deammonification. 
In many ways analogous to the NO2- pathway, more WWTPs are now implementing 
processes using the deammonification pathway for sidestream treatment.  
Deammonification requires cultivation of anammox archaea and NH3 oxidizers 
through combinations of NO2--pathway-like temperatures (for NOB de-selection), 
long biological detention times (35+ days) for anammox cultivation, and tightly-
controlled O2 concentrations and pH (Van Loosdrecht & Salem 2006; Szatkowska et 
al. 2007). These processes convert half of the NH3 to NO2- and combine equal parts 
NO2- and NH3 to produce N2 while saving 62% of the energy and all of the carbon 
that would have been required by conventional nitrification-denitrification. DC Water’s 
deammonification upgrades are planned for start-up in 2017 and are expected to 
dramatically reduce the AWTP’s CH3OH consumption.   
 
 Other options are being researched or simply not yet in routine practice.  Less common 
CH3OH-consumption-reducing options that may warrant further development include: 
5. Ethanol. Most publicly traded, high-volume ethanol has been denatured to prevent 
human consumption but it is a readily-available, renewable, carbon substrate that 
 
 
Figure 2-6. Wastewater Treatment Biological Pathways for Conversion of NH3 to N2 with up to 62% 
energy and up to 100% carbon savings. 
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can be acquired for nominally more than CH3OH (usually at a 5 to 20% premium). 
Fortunately for alternative carbon-sourcing and process suitability, ethanol is most 
typically denatured with CH3OH (at approximately 5 to 10% of the total), making its 
Scope-1 anthropogenic GHG impact at least 90 percent lower than straight use of 
CH3OH. If Scope-3 manufacturing emissions are considered, however, ethanol 
production and direct emissions would be compared to the total of CH3OH Scope-1 
direct emissions of between 3.36 and 4.13 MT CO2e/MT CH3OH (for the Blue Plains 
ENR process, but dependent on solids disposition from non-destructive to full-carbon 
release) and Scope-3 manufacturing emissions of 0.67 MT CO2e/MT CH3OH (IPCC, 
2006) for a total ranging from 4.03 to 4.80 MT CO2e/MT CH3OH.  Scope-3 emissions 
for today’s more efficient corn-based-ethanol-production feed-crop farming, fuel 
refining, and other product offsets (for products like corn and urea) are estimated to 
be 0.64, 0.72, and -0.37 MT CO2e/MT-ethanol (converted from g/MJ at 25.2 MJ/kg-
ethanol; Liska, et al. 2008) for an ethanol Scope-3 total of 0.99 MT CO2e/MT-
ethanol.  Based on results from Chen, et al. (2015), the two alcohols showed very 
similar per-unit-carbon process effectiveness in controlled laboratory tests so that 
direct comparison on the basis of fed carbon mass is appropriate.  In summary, use 
of even corn-based ethanol instead of CH3OH would represent emissions reduction 
of 90 to 95% for Scope-1 and 65 to 80% for Scopes 1, 2, and 3 (as there is no 
difference in Scope-2 emissions).  
6. Production of CH3OH from digester gas. Tasher and Chandran (2013) are 
developing a process to biologically convert digester-gas CH4 into CH3OH using NH3 
oxidizers to replace fossil fuel-derived CH3OH. Vela, Raskin and Love (2015) are 
researching the use of CH4 as the electron donor (food source) for denitrification 
downstream of anaerobic treatment systems typically depleted of readily degradable 
carbon. Finally, although not likely practical when scaled for a WWTP, digester gas 
CH4 could be used as a feedstock to replace natural gas as a source for steam 
reforming or any other traditional CH3OH manufacturing process. 
7. Mainstream deammonification. More recently, researchers are trying to cultivate 
anammox in the liquid-treatment streams of WWTPs to enable treatment of raw-
sewage NH3 in addition to anaerobic-digestion sidestreams (Regmi et al., 2015; 
Gilbert et al., 2015). Mechanisms considered include producing anammox in 
sidestream treatment for bio-augmenting mainstream-treatment populations in 
combination with physically preventing anammox (which lower-surface-area, denser 
“granules”) from being discharged using cyclones, screens, or fixed-film growth on 
 59 
media trapped within the process by screens. These processes have the potential to 
completely eliminate the need for supplemental carbon in NH3 treatment while 
dramatically reducing the WWTP’s total energy consumption, further reducing 
Scope-2 emissions from power consumption.  
 
2.4  Conclusions 
This chapter effectively evaluates the significance of CH3OH-use and the associated 
direct anthropogenic GHG emissions in both the context of a WWTP that uses large CH3OH 
quantities as well as within a US-national context.  In reviewing the objectives, the following 
was achieved: 
A. Site-Specific CH3OH-CO2 Methodology Development.  A new method 
determined that 3.15 and 3.72 kgCO2/gallon CH3OH are released at the Blue 
Plains AWTP before and after digestion upgrades, respectively. 
B. Blue Plains AWTP CH3OH-CO2 Context.  Direct CO2 emissions from the 
addition of CH3OH represent 46%, and 60% of Blue Plains’ Scope-1 GHG 
emissions for pre- and post-digestion, respectively.  CH3OH CO2 similarly 
represents 11% and 26% of the AWTP’s Scopes-1-and-2 emissions.   
C. US-National Significance of CH3OH CO2.  A methodology was developed using 
a combination of Blue Plains data, USEPA’s DMR database, and a WEF 
digestion database. That methodology was used to estimate that in 2015, 11.7% 
of all direct GHG emissions related to US wastewater treatment and conveyance 
were attributable to CH3OH use. 
D. Options for Mitigation of CH3OH CO2.  Several common options were 
discussed, including: alternative chemicals; in-plant methods for generating 
replacement carbon; and use of new nitrogen-removal pathways for sidestreams 
treatment.  Other less-commonly-used options like use of denatured ethanol as a 
“drop-in” CH3OH substitute and a variety of options in research were also 
identified.   
 
With respect to the methodological needs identified in Section 1.6, the following 
assessments are made: 
1. Significance.  CH3OH CO2 has been shown to be significant on a national scale 
and extremely significant for specific WWTPs. 
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2. Representation.  The ICLEI method could be slightly improved using site specific 
criterion but even without that, WW.9 provides a representative estimate of actual 
anthropogenic CO2 emissions and it should be incorporated into future protocols.   
3. Science-Based Consensus.  The scientific nature of the anthropogenic nature 
of this source is not, at least to this author’s knowledge, disputed. 
 
Finally, while the magnitude of the emissions is significant, processes identified to 
reduce CH3OH use (such as use of sidestream anammox which coincidentally saves power 
and operational cost, or replacement with readily available denatured ethanol at only a slightly 
increased cost) suggest that this 11.7% of the industry’s emissions might be one of the easiest 
direct GHG emissions to partially reduce or even eliminate completely.  
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Chapter 3. Sewer Methane Emissions 
 
3.1 Introduction 
The wastewater industry in the US consists largely of networks of gravity sewer pipes, 
forcemains, and pumping stations (referred to collectively as a “collection system”) that convey 
wastewater to centralized publicly-owned treatment works like DC Water’s Blue Plains AWTP 
for treatment and subsequent discharge of the treated flow to the environment.  While the 
understanding of GHG emissions with WWTPs are becoming better understood, very little 
investigation has been performed on collection-system GHGs, which are principally CH4. 
CH4 is a potent GHG with 28 times the impact on global warming as CO2 on a molar basis 
(IPCC, 2015).  In 2009, anthropogenic CH4 emissions were estimated to contribute roughly 
11% of the combined impact of all GHG emissions in the US using a CH4 GWP of 21 (United 
States Energy Information Administration (US-EIA), 2011) or almost 15% if recalculated based 
on the updated IPCC GWPs.  Domestic wastewater treatment is estimated to produce roughly 
2.4% of all CH4 emissions nationwide (not accounting for sewer CH4); although as discussed 
previously, these emissions are all attributable to septic tank and latrines use. 
As discussed previously in Chapter 1, the current GHG inventorying conventions 
exclude sewer CH4 from consideration in the developed world.  Specifically, IPCC (2006a) 
paragraph 6.1 states that “…in high-income urban areas in other countries, sewers are usually 
closed and underground. Wastewater in closed underground sewers is not believed to be a 
significant source of CH4”.  Other protocols (WRI/WBCSD, 2004; CARB, 2008; TCR, 2008; 
ICLEI, 2012; NGA, 2013; NGER, 2013) have followed IPCC’s lead and in many cases have not 
even discussed sewer CH4. 
More recent research has shown, on the other hand, that enclosed sewers in even 
temperate climates do produce CH4 (van Voorthuizen et al., 2011).  Forcemain CH4 production 
and emission has been studied extensively and found to be related to wastewater temperature, 
wetted slime-layer area, residence time, volatile fatty acid (VFA) concentrations, and 
temperature (Guisasola et al., 2008; Foley et al., 2009; Guisasola et al., 2009; and Liu et al., 
2014a, 2014b, and 2015).  As of today, there is no consensus on a methodology for calculating 
collection-system CH4 emissions. 
Process modelling of forcemain CH4 production has been under development the 
longest.  However, the earliest of such sewer models like the Wastewater Aerobic/ Anaerobic 
Transformations in Sewers or “WATS” model (Hvitved-Jacobsen et al., 2000; Yongsiri et al., 
2003; Abdul-Talib et al., 2005; Nielsen et al., 2005a, b; 2006) and the original SeweX model 
(Sharma et al., 2008) did not consider CH4 formation in sewers. More recently, an expanded 
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multi-variable model by Guisasola et al. (2009) and a simplified model by Foley et al. (2009; 
Foley’s work referenced Guisasola) were developed for forcemain CH4 production.  The 
Guisasola model served as the basis for CH4 -production kinetics in the updated SeweX model.  
More recently, Chaosakul et al. (2014) applied a Foley-based model to gravity sewers during 
wet and dry seasons in Thailand with sewage temperatures ranging from 29 to 34OC.  The 
catchment investigated by Chaosakul was atypical of those in the developed world in that it 
received a combination of septic-tank-pretreated toilet waste and direct-discharges from 
washing, bathing, cleaning, and a number of other sources. 
Gravity sewers present complications that are not present in full-flowing pipes and 
forcemains.  The first of these is the liquid-/gas-phase interface and associated transfers 
across the boundary dramatically increase the complexity for gravity-sewer process modelling. 
Some of the anticipated transfers would include evolution of CH4, CO2, and hydrogen sulfide 
(H2S) and dissolution of O2 (as well as any number of other compounds that could migrate in 
either direction between the sewage and the headspace).  The most significant complication of 
the air-sewage interface is the fact that the presence of O2 in the liquid phase allows for a host 
of aerobic processes.  The presence of O2 also increases the persistence of other oxygen-
sources such as sulfate (SO42-) and NO3.  The current SeweX version that is used herein, 
models the following aerobic, anoxic processes, and SO42--consuming/-generating processes: 
a) Aerobic and anoxic growth of heterotrophs; b) Aerobic hydrolysis; c) VFA consumption for 
aerobic and anoxic processes; d) SO42- reduction (consumption); and e) Biological and 
chemical sulfide oxidation (SO42- production).  The competition for carbon between these 
aerobic processes and the anaerobic processes (CH4-/sulfide-producing and fermentation) that 
predominate forcemain kinetics must all be balanced. 
The movement of the headspace gases is a further complication.  In unventilated 
sewers, headspace gases are moved by the sewage flow (which can force headspace air 
either upstream or downstream) and a variety of other phenomenon.  Finally, turbulent flows 
can increase the liquid-to-gas-phase emissions significantly and higher headspace gas 
concentrations could reduce those same emissions (albeit only slightly due to the low 
concentrations of the headspace gases).  During this research, headspace gas movement was 
largely mitigated by forced-air ventilation that provided a consistent, quantifiable flux of 
headspace air that could be monitored.   
 
Chapter 3 Objectives: In general terms, the over-arching objective of this chapter is to 
develop and test a new Collection-System CH4 Algorithm.  As forcemain CH4 generation, 
emission and associated modeling is further developed, the emphasis herein focusses more so 
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on developing and verifying a new Gravity-Sewer CH4 Algorithm and incorporating that new 
algorithm along with a largely-already developed forcemain algorithm into a consolidated 
Collection-System Algorithm.  The specific objectives of this chapter include the following:  
A. Develop the following sewer-CH4 tools:  
a) Develop a new Gravity-Sewer CH4 Algorithm to estimate a gravity-sewer-
network’s CH4 emissions; and 
b) Use the Gravity-Sewer CH4 Algorithm, in concert with an independently-
verified Forcemain CH4 Algorithm, to create an integrated Collection-System 
CH4 Algorithm for estimating collection-system-wide CH4 emissions. 
B. Verify the Gravity-Sewer CH4 Algorithm’s predicted CH4 emissions for a full-scale 
gravity-sewer.  
C. Apply the new Collection-System CH4 Algorithm to a utility’s collection system; 
and present the estimated collection-system-wide CH4 emissions in the context of 
a well-developed, utility-wide GHG emissions inventory.  It is believed that this 
would be the first instance showcasing the relative significance of sewer CH4. 
D. Use the utility-wide emissions to estimate the US national significance. 
 
3.2 Materials and Methods 
A simplified “Collection-System CH4 Algorithm” is developed in this Chapter for 
estimating CH4 emissions from sewers.  The method combines two separate algorithms: 
• A “Gravity-Sewer CH4 Algorithm”, that is verified through comparison with full-
scale data from DC Water’s Potomac Interceptor (PI), and  
• A “Forcemain CH4 Algorithm” that is used for both forcemains and fully-
surcharged sewers. 
The algorithm is then applied to the entire DC Water collection system 2014 data and 
two different temperature-sorting methodologies.  DC Water’s sewer-CH4 emissions are then 
compared to their overall GHG emissions inventory and then extrapolated to a national 
estimate of significance using methods analogous to those in Chapter 2. 
 
3.2.1 Overview of SeweX Model 
SeweX is a system of at least 41 processes (run on a Matlab® platform) that has been, 
and continues to be developed by The University of Queensland Advanced Water 
Management Centre (UQ-AWMC).  The following processes are modelled:  
• Anaerobic, anoxic, and aerobic transformations of carbon and sulfur in the bulk 
liquid, biofilms, and exposed pipe surfaces;  
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• Chemical precipitation of sulﬁde and other anions by metal ions; 
• pH changes from biological and chemical reactions; 
• Gaseous transfer of CO2, CH4, H2S and other compounds between liquid and gas 
phases in gravity sewers and adsorption of H2S on exposed pipe surface; and 
• Convective transport of these same materials in the bulk liquid and headspace 
gases. 
• The only gravity-sewer complications discussed earlier that are not modeled are 
the headspace gas movement and increased interface transfers due to increased 
turbulence. 
The model itself has been used to analyze over 25 sewer collection-system catchments 
comprised of both gravity and forcemain sewers.  With many of these analyses, the model’s 
various rate constants and parameters have been adjusted to more closely approximate 
measured data; thereby increasing the accuracy of the model through an evolutionary process.  
A more detailed overview of the model can be found in UQ-AWMC’s 2013 report entitled: ARC 
Sewer Corrosion and Odour Research Project: Model-based tool for decision support for 
technology selection, prioritization and optimization. 
 
3.2.2 Gravity-Sewer CH4 Algorithm 
SeweX was used to develop the simplified Collection-System CH4 Algorithm as a 
function of sewage temperature, sewage flow, pipe diameter, and pipe slope.  Within this 
simplified model, pipes (or segments of pipes) are either categorized as gravity sewers or 
forcemains (which includes surcharged gravity sewers).  Partial lengths of segments where 
hydraulic grades are above the crown of the pipe are modelled as forcemains for CH4 
generation.  Two separate equations are used to estimate CH4 production for gravity sewers 
and surcharged pipes/forcemains. 
The development of the Gravity-Sewer CH4 Algorithm to predict daily-average CH4-
production is discussed in this section.  The algorithm is also tested for phenomena that could 
affect CH4 production (COD and SO42- concentration; and magnitude of diurnal variation).  Its 
application is only qualified for very-low COD concentrations (less than 100 mg/L) and the 
impacts of sewer sediments are also discussed.   
 
3.2.2 A Biofilm Wetted Perimeter Arc-Length   
The area of the biofilm, is calculated as the product of the wetted perimeter length and 
the pipe length.  The following equation (Akgiray, 2004) determines the water surface angle 
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(shown in Figure 3-1) as a function of flow, pipe slope, pipe diameter, and Manning friction 
factor: 
 = (3/2) √1 − √1 − √
𝜋𝑄𝑛
𝐷
8
3𝑆
1
2
  Eq.3-1 
Where: 
  = Water surface angle in radians 
 Q = Flow in m3/s 
 n = Manning’s roughness coefficient 
D = Pipe diameter in m 
 S = Pipe slope in m/m 
 
While Manning’s roughness coefficient is often assumed to be constant, it is actually a 
function of depth (designated by “h” in Figure 3-1) and diameter.  As depth is a function of 
diameter and water surface angle, variable Manning’s roughness coefficient can be written a 
function of flow, diameter, and slope.  As such, Eq. 3-1 can in turn be simplified using a 
consolidated constant and consolidated variable-specific coefficients as: 
  = k’ x Qα’ x Dβ’ x Sδ’       Eq.3-2 
Where: 
 k’ = Simplifying constant  
  α’, β’, and δ’ = Yet-to-be-determined coefficients for flow, pipe-size, and slope 
 
3.2.2 B Biofilm Area and CH4 Production   
CH4 production was determined to be a function of the biofilm area in forcemains and 
this is presumed to be true for gravity sewers as well.  The biofilm area is the product of the 
wetted-perimeter arc length and the length of pipe, as follows: 
Abf = ( x D/2) x L  = k’/2 x Qα’ x Dβ” x Sδ’ x L   Eq.3-3 
Where: Abf = Biofilm area in m2 
  L = Pipe length in m  
  β” = A revised pipe-size coefficient 
 
The equation for per-kilometer (km)-length-of-gravity-sewer, daily CH4 production at 
20OC can be written as: 
 
 
 
Figure 3-1. Schematic of Water 
Surface Angle () in Gravity 
Sewers. 
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rCH4-GS-20 = k20 x Abf = k20 x Qα x Dβ x Sδ     Eq.3-4 
Where:  
     rCH4-GS-20  = CH4 emission rate at 20OC in kg CH4/(km-day)  
 k20 = New, simplifying constant for use at 20OC 
       α, β, and δ = New, yet-to-be-determined coefficients 
 
In order to regressively find values for k20, α, β, and δ, over 150 runs were conducted 
using SeweX.  The model was run with the following parameters and assumptions: 
• Modelled pipe diameters ranged from 0.1 to 3.0 m. 
• Flows were varied from 1 to 3,000 liters (L) per second (s).  The same variable 
diurnal flow profile (Profile 1 in Figure 3-5; the other two depicted profiles are used 
later in this method development) was used with daily flow variations from 60% to 
140% of daily average flow. 
• Pipe slopes were varied from 0.0005 and 0.02 m/m (or from 0.05 to 2.0%). 
• Sewage temperatures were held constant at 20OC. 
• Sewer pipe length was held constant at 1 km.  
• The same sewage characteristics of 620 mg/L COD, 30 mg/L total VFAs (as COD), 
and 20 mg-S/L SO42- were consistently used. 
• All of the same kinetic parameters from a calibrated SeweX model for a sewer 
system in Australia were used uniformly. 
 
The parameter values in Table 3-1 were determined using a best fit, least sum of 
squares method when comparing full-SeweX-modelled CH4 production with that predicted by 
the simplified equation (Eq.3-4). 
Parameter 
Regression-
Estimated Value 
Statistical Measures of Fit 
Standard Error T-Statistic p-Value 
k20 0.419 0.00251 166.85 0 
α 0.260 0.00076 343.2 0 
β 0.280 0.00258 108.41 0 
δ -0.138 0.00099 -139.55 0 
 
Table 3-1. Least-Sum-of-Squares-Regression-Derived Constants and Coefficients for Eq.3-4 and 
Associated Statistical Measures of Fit. 
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The values in Table 3-1 are then used to create the following equation describing the 
per-km CH4 production at 20OC: 
rCH4-GS-20  = 0.419 x Q0.26 x D0.28 x S-0.138    Eq.3-5 
 
Figure 3-2 compares the Eq.3-5-predicted CH4 production to that predicted by the full 
SeweX model or “target” (T) runs; the correlation is very close.  The actual Eq.3-5 best-fit is 
represented by the red line (labeled “Fit”) whereas the green-dashed line (labeled “Y = T”) is 
the 1-for-1 equivalent of the SeweX predictions.   
On average, Eq.3-5 predicts 1.035 times (or only 3.5% more) the CH4 production 
estimated by SeweX.  Based on the fact that the simple algorithm is trying to predict daily 
average CH4 production and that a number of other uncertainties exist (that are discussed in 
Section 3.3.1), the 3.5% over-prediction is actually very close to predictions of more complex 
models over the very large range of tested condition.  As such, the constants in Table 3-1 (and 
used in Eq.3-5) will be used throughout the balance of this report.   
 
Figure 3-2. Comparison of Eq.3-5-Predicted and SeweX-Predicted CH4 Production. 
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Table 3-2 shows the relative Pearson’s R-values between each parameter: k20, α, β, and 
δ.  The k20-to-β and k20-to-α correlations are strong while the α-to-β negative (inverse) 
correlation is even stronger.  Only the δ-to-α and δ-to-β correlations are only slightly negative 
and therefore relatively insignificant.  As such, all four parameters must be considered as a 
group and each factor (flow, diameter, and slope) affects CH4 production over the ranges 
considered. 
 
3.2.2 C Temperature Effects   
All of the aforementioned equations assumed that sewage temperature was constant at 
20OC and yet temperature effects must be accounted for in any widely-used algorithm.  From 
the mid-1970s to the mid-1980s many researchers used 1.07(T-20) (Boon and Lister, 1975; 
Pomeroy and Parkhurst, 1977; and Hvitved-Jacobsen et al., 1988) to account for the effect of 
temperature on biological kinetics.  Nielsen et. al. (1998) proposed that the temperature 
correction constant be reduced from 1.07 to 1.03 due to observations that the higher constant 
failed to appropriately account for higher-than-predicted, measured H2S concentrations at 
lower temperatures (due to an over-sensitivity when 1.07 was used at temperatures further 
moved from 20OC). In the last 8 to 10 years, UQ researchers have used SeweX to model a 
variety of systems and have found that a temperature correction constant of 1.06 has provided 
the best correlation over a range of conditions.   
In order to account for the significant effects that temperatures changes have on 
process kinetics, the 20-degree constant (k20) in Eq.3-4 must be replaced with a temperature-
dependent function as follows:  
k = k20 x 1.06(T-20) = 0.419 x 1.06(T-20)     Eq.3-6 
Where: k  = New, temperature-independent constant 
T = Temperature in OC 
 
And accordingly, Eq.3-5 can be updated by replacing k20 with the Eq.3-6, temperature-
dependent term as follows:   
 k20 α β δ 
k20 1.000      
α 0.430 1.000   
β 0.714 -0.938 1.000  
δ 0.825 -0.156 -0.193 1.000 
 
Table 3-2. Pearson’s R-values for Correlation of the Identified Constant and Coefficients. 
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rCH4-GS  = 0.419 x 1.06(T-20) x Q0.26 x D0.28 x S-0.138   Eq.3-7 
Where:  
          rCH4-GS  = CH4 emission rate in kg CH4/(km*day) as a function of temperature 
 
3.2.2 D Effects of Soluble COD   
SeweX models CH4 production using two substrates (acetate and hydrogen) and 
substrate-specific processes/equations, both of which are products of fermentation reactions 
(Sharma et al., 2008; Guisasola et al., 2009).  For the gravity-sewer algorithm it was necessary 
to simplify these two processes to a consolidated soluble COD (sCOD) approach to determine 
whether CH4 production is sensitive to COD concentration and if so, over what ranges of 
concentrations.   
A SeweX test was conducted to determine how changes in sCOD affect CH4 production.  
Specifically, the same combinations of flow, pipe diameter, and slope were run at each sCOD 
concentration in Figure 3-3  (for sCOD concentrations of 50; 100; 200; 300; 500; 1,000; and 
2,000 mg/L) with the results shown therein.  Model input consistently assumed that: 1) 25% of 
the sCOD was VFA; 2) SO42- concentrations were 15mg-S/L (“as sulfur” or 96mg/L as SO42-), 
which is higher than in most communities but common in others; and 3) sewage temperature 
was 20OC.   
Consolidated CH4 production from sCOD should equal the SeweX-predicted sum of 
acetate-substrate and hydrogen-substrate production.  Using a Manod-type relationship, 
sCOD-based CH4 production can be written as shown in Eq.3-8. 
 rCH4-sCOD = ksCOD x A/V x SsCOD / (KsCOD + SsCOD)   Eq.3-8 
Where: 
      r CH4-sCOD = sCOD volumetric CH4 production rate in kg/m3-day 
ksCOD = sCOD biofilm-area CH4 production rate in kg/m2-day 
SsCOD = sCOD concentration in mg-S/L 
KsCOD = sCOD half-saturation constant in mg-S/L 
 
The following relationship allowed ksCOD to be determined as a function of sCOD 
concentration: 
   ksCOD  = kmax-sCOD x SsCOD / (KsCOD + SsCOD)    Eq.3-9 
 
kmax-sCOD and KsCOD were then determined using a non-linear, least-sum-of-squares 
regression with the results and associated statistics shown in Table 3-3.   
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Eq.3-8 is revised as shown in Eq.3-10 and plotted in Figure 3-3 with the individual data 
points representing SeweX-determined kCH4-sCOD as a function of input sCOD concentration. 
 rCH4-sCOD = 0.208 x A/V x SsCOD / (5.04 + SsCOD)   Eq.3-10  
 
The following observations are made: 
• ksCOD is almost completely independent of sCOD for sCOD greater than 100 
mg/L.  ksCOD changes by only 3.5% from 100mg/L to 2,000 mg/L sCOD.  
• ksCOD changes more significantly but is still largely independent of sCOD for 
sCOD concentrations in between 50 and 100 mg/L (with a 10% increase from 50 
to 2,000 mg/L COD). 
 
Figure 3-3. Effects of Changing COD Concentration on CH4-Production-Rate Constant ksCOD. 
Parameter Regression-
Estimated Value 
Statistical Measures of Fit 
Standard Error T-Statistic p-Value 
kmax-sCOD 0.208 0.0005 415.3 1.54 x 10-12 
KsCOD 5.04 0.3126 16.12 1.67 x 10-5 
 
Table 3-3. Least-Sum-of-Squares-Regression-Derived Constants and Coefficients for Eq.3-9 and 
Associated Statistical Measures of Fit. 
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• Because sewage COD concentrations are almost always greater than 100 mg/L 
the assumption that CH4 production is independent of COD concentration should 
be valid for most cases.  
• Finally, in sewersheds with very dilute wastewater (with COD of less than 
100mg/L) additional consideration and adjustment simplified algorithm is likely 
warranted.  The likelihood of these conditions is extremely low; and if they occur 
at all, they would likely only be in small portions of the collection system.  As 
such, COD can be likely uniformly ignored. 
 
3.2.2 E Effects of SO42- on CH4 Production   
In a manner very similar to that conducted to determine the effects of COD/sCOD on 
CH4 production, a separate test was conducted using SeweX to determine if increased SO42- 
concentrations would reduce CH4 production.  Again, the same combinations of flow, pipe 
diameter, and slope were run at each SO42- concentration in Figure 3-4 (SO42- concentrations 
of 2.5, 5, 10. 15. 20, 30, and 50 mg-S/L).  The model inputs consistently assumed sCOD 
concentrations of 200 mg/L and sewage temperatures of 20OC.  As in the COD analysis, a bio-
film-area-based, SO42--concentration-dependent rate constant kSO4s (in kg/m2-day) was 
determined for each assumed SO42- concentration.  Figure 3-4 shows that the tested variations 
 
Figure 3-4. Effects of Changing SO42- Concentration on CH4-Production-Rate Constant kSO4. 
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in SO42- concentration had no effect on CH4 production.  SO42- concentration is therefore 
appropriately omitted from the developed algorithm. 
 
3.2.2 F Effect of Diurnal Flow Pattern on CH4 Production   
The last test determined whether the magnitude of the applied diurnal variation affects 
daily CH4 production.  The three profiles used are shown in Figure 3-5; and their characteristics 
are summarized in Table 3-4.  Each profile also provides the same daily average flow 
(average = 1.0).  In Figure 3-6, each data point shows how CH4 production predicted in one 
model run with Profile-1 (charted to the x-axis) compares directly with another model run with 
Profile-2 (charted to the y-axis); all other parameters in each pair of model runs are identical.    
Figure 3-7 shows a similar treatment that compares pairs of model runs using Profile-1 and 
Profile-3 for larger pipes and generally with larger average flow rates. 
 
Figure 3-5. Three Simulated Diurnal Flow Profiles used in Gravity-Sewer Method Development. 
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There is a nearly perfect correlation between the sets of profiles; thereby indicating that 
the average flow dictates CH4 production much more-so than the magnitude of the diurnal 
variations.  Readers are cautioned to not draw additional conclusions from these results as all 
of the other parameters in each run were identical – with only the magnitude of the diurnal 
 
 
 
Table 3-4. Summary of Diurnal Variation Criteria for Three Profiles Tested. 
 
 
Figure 3-6. CH4-Production Comparison with Profile-1 and Profile-2 for Diurnal Variation in Smaller Pipes. 
 
 
Figure 3-7. CH4-Production Comparison with Profile-1 and Profile-3 for Diurnal Variation in Larger Pipes. 
 
 74 
variations changing.  If diurnal flows were shifted over either time of day and/or sewage-
temperature (e.g., if in comparing two days, the two peaks did not uniformly occur at 7:00 and 
18:00 hours and at the exact same temperatures; or if there was only one peak, concentrated 
around a different time, such as 12:00 noon with warmer mid-day temperatures), then the 
results would be different.  However, as a simplifying assumption, using only daily average or 
total daily flow in the Gravity-Sewer Algorithm for CH4-Production is strongly supported by this 
analysis. 
 
3.2.2 G Sewer Sediment Impacts on CH4 Production   
Because the simplified algorithm is based solely on biofilm kinetics, and CH4 production 
from sediment/settled solids in the upstream sewer is ignored.  In contrast, sediments might 
increase the amount of CH4 produced.  In more recent research, Liu et al. (2015) found that 
when sediments do occur, biofilms like those on sewer wetted surfaces grow on the surface of 
the sediment.  An additional finding was that while CH4 production does occur in the biofilm 
and, to a lesser extent in the sediments, that the overall combined production is very similar to 
that of biofilms attached to the floor in sewers without sediments.  As such, sediments were 
concluded to have a negligible effect on overall CH4 production. 
 
3.2.3 The Potomac Interceptor and its Use for CH4-Algorithm Verification 
In order to validate the developed Collection-System CH4 Algorithm, a relatively simple 
and well-understood stretch of gravity sewer was required.  DC Water’s PI was chosen as the 
experimental gravity sewer.  The function and history of the PI regional sewer is summarized in 
this excerpt that has been taken directly from DC Water’s website (DC Water, 2016): and 
describes the origin and functions of this regional sewer:  
“The Potomac Interceptor (PI) sanitary sewer system conveys approximately 50 million gallons per day 
(MGD) of wastewater by gravity from several service areas starting near the Washington Dulles International 
Airport, along the Potomac River to the Potomac Pumping Station (PS) in Washington, D.C. Flows from the 
PS are sent to the Blue Plains Advanced Wastewater Treatment Plant for state-of-the-art treatment before 
discharge into the Potomac River. Several jurisdictions discharge into the PI system, including Loudoun and 
Fairfax counties in Virginia, Montgomery County in Maryland, and the District of Columbia. 
The PI was built as a result of the enactment of Public Law 86-515 (the Act), by the 86th Congress, on 
June 12, 1960. The Act authorized the District of Columbia to plan, construct, operate, and maintain a sanitary 
sewer to connect Dulles to the Washington, D.C. sewer system. The intent was to safeguard the Potomac 
River against wastewater discharges from designated sewersheds not already connected to adequate 
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sewage disposal facilities. The Act stipulated that the sewer should be of sufficient capacity to provide service 
for Dulles and for the expected growth and development in the adjacent areas in Virginia and Maryland. 
The PI system consists of four primary interceptor segments including the PI main trunk, the Upper 
Potomac Interceptor (UPI), the Upper Potomac Interceptor Relief Sewer (UPIRS), and the Maryland Upper 
Potomac Interceptor (MUPI). The PI main trunk is located in Maryland and Virginia and includes the Sugarland 
Run Extension, the Difficult Run Extension, and the Upper Maryland Spur. The MUPI is located in 
Montgomery County, Maryland and conveys flows into the UPI at the D.C. line. The UPI starts at the 
Maryland/D.C. border and currently conveys flows from the MUPI and other service connections in 
Washington, D.C. to the UPIRS. The UPIRS begins at the D.C. border and conveys flow from the PI main 
trunk and other service connections to Blue Plains. The District of Columbia Water and Sewer Authority 
operates and maintains the PI system with the exception of the MUPI, which is operated and maintained by 
the Washington Suburban Sanitary Commission. 
The PI varies in size from 30-inch to 96-inch diameter round, reinforced concrete pipe in the main trunk 
to 13-foot by 7.75-foot rectangular, reinforced concrete pipe in the lower reaches of the sewer system. The 
sewer design included provisions for interceptor venting at the manholes and access shafts along most of the 
sewer system to promote the exhaust of sewer gases or the intake of air as needed. Venting is generally 
accomplished through ventilated manhole covers or 12-inch cast iron vent pipes that extend from the 
manholes.”   
 
Figure 3-8 shows the general configuration of the PI that collects flows from Loudon, 
Fairfax and Arlington Counties (VA) and Montgomery and Prince George’s Counties (MD) for 
 
Figure 3-8. Overview of PI. 
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delivery to the Blue Plains AWTP.  During this investigation, DC Water was in the process of 
adding a number of Long-Term Odour Abatement Facilities (LTOAFs) to the PI; these 
installations evacuate air from the PI headspace for treatment using activated carbon beds.  
While any full-scale sewer is dramatically less controlled than laboratory-scale 
experiments, understanding of a number of parameters is required to provide context for any 
collected data.  For this research, the segments of the PI upstream of, and those ventilated by 
the LTOAF-17, were chosen.  This reach of sewer was chosen specifically because: 
• LTOAF-17 was the first, and at the time of the Conveyance Asset Prediction System 
(CAPS) data collection was the only LTOAF in service which served to limit the 
operational variation.  The exhaust fan at this location provided a continuous stream 
of evacuated headspace foul air that could be monitored so that gas-phase mass 
fluxes could be determined. 
• The PI is a large regional collection/conveyance sewer with fewer separate sewage-
contribution locations.  This feature provided a cleaner-than-would-normally-be-the-
case system with a very limited number of contributing sewage sources. 
• LTOAF-17 also provided a source of power, shelter, and protection from the weather 
for instrumentation, equipment and research personnel. 
 
The collected PI gravity-sewer data is used to verify the suitability and accuracy of the 
Gravity-Sewer CH4 Algorithm.  The balance of this sub-section provides further details on the 
PI and methods/results that improved our understanding of the PI’s physical characteristics. 
 
3.2.3. A  Determination of Ventilated Air-Flow Rate  
The PI sampling program was consistently conducted with only the foul-air treatment fan 
LTOAF-17 (the odour abatement facility located at Manhole (MH) 17) in service.  While more 
foul-air treatment fans have been placed in service since the sampling; unless otherwise noted, 
no other LTOAFs were in service during the sampling campaigns described herein. 
During the sampling efforts, the LTOAF-17 fan evacuated air that could be sampled for 
gas-concentration measurements. In order for the measured concentrations to be converted to 
mass emissions, the flow rates for the fan must be known.  Figure 3-9 shows the head-capacity 
curve for the LTOAF-17 fan.  Figure 3-10 shows the differential pressure developed by the fan 
during one two-day, dry-weather operating period; the pressure was measured using an ACR 
measuring the differential pressure developed by the fan on a continuous basis.  By plotting the 
measured 10.2 to 10.7 inches of water column (in-WC) differential pressure developed by the 
fan against the manufacturer’s performance curve (Figure 3-9), it can be determined that these 
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slight pressure perturbations correspond to fan flow rates ranging from 13,000 to 13,600 actual 
cubic feet per minute (acfm).  Because the 4.6-percent difference in flow is so small in 
comparison to many of the observed process variables and uncertainties, 13,300 acfm is 
assumed to be the continuous LTOAF-17 ventilation rate with no other fans running. 
 
Figure 3-9. LTOAF-17 Foul-Air-Fan Head-Capacity Curve and Measured Operating Conditions. 
 
 
Figure 3-10. Measured Differential Pressure across MH-17 Foul-Air-Fan during Dry-Weather Flows. 
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Figure 3-10 also shows the estimated flow within the PI at MH17, which is estimated 
because there was no flow meter to directly measure flow along this segment during the 
September-2014 sampling period.  Instead, the flow measured at a significant downstream flow 
contribution (Cabin John sewers; two sewers, each with its own flow meter) entering the PI 
downstream of MH11 was subtracted from the flow measured at MH3 (a downstream, PI-trunk 
flow meter) in order to estimate the flow in the investigated segment.  The Cabin John 
contributions are the only greater-than-2-mgd contribution between MH29 (where the Difficult 
Run sewer tie-in occurs) and MH3.  This general configuration is depicted in Figure 3-11.  
Of note in Figure 3-10, is the fact that differential pressure is consistently between 10.2 
and 10.7 in-WC and that there is no apparent correlation between sewage flow and fan 
differential pressure.   One concern, that proved unfounded, was that higher sewage flows 
would throttle the PI, thereby restricting/reducing airflow to the fan.  This was not apparent from 
the graph over a 3-to-1 range of estimated sewage flows. 
 
3.2.3. B  Determination of the Extent of Sewer Ventilated by MH17 Fan  
In order to determine the length of the PI exhausted by the LTOAF-17 fan, field data 
were collected at manholes upstream and downstream of the fan.  An ACR Smart Reader Plus 
4.0 was used to measure differential pressure between the sewer headspace and the 
surrounding atmosphere; negative headspace pressure being indicative of a manhole under 
 
 
 
Figure 3-11. Annotated Plan of Tested PI. 
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fan influence while near-zero (or even positive) differential pressure would indicate that the 
particular manhole was beyond the influence of LTOAF-17. 
Figure 3-12 shows the ACR output from the test at MH18 (located very close to and just 
upstream of LTOAF-17); this figure is provided as a “guide” for the smaller, and possibly-
difficult-to-read ACR measurements presented in Figures 3-13 and 3-14.  Figure 3-12 also 
shows how quickly the ACR readings drop from nearly atmospheric to lower pressures that are 
representative of the pressures within the headspace and then quickly returns to atmospheric 
pressure when removed at the end of the test run.  It also shows how the measured 
temperatures are not entirely stable (e.g., constant or flat) within the accuracy of the meter at 
either ambient condition or those within the sewer headspace.  The scale of the pressure 
measurements is different in each graph; to provide context, a heavy orange line has been 
added at differential pressure = 0.0 in. WC and a heavy green line has been added at a 
positive sewer pressure = 0.07 in. WC.  If the ACR pressure measurements are below the 
orange line, the particular manhole is under negative pressure while above means that it’s 
under positive pressure.  Graphs without one of both lines suggest that measurements fall 
outside of the range in that graph’s y-axis range.   
Figures 3-13 and 3-14 show the ACR readings for manholes tested upstream and 
downstream of LTOAF-17, respectively.  The negative pressures induced by LTOAF-17 are 
seen to start downstream of MH-27 (just upstream of LTOAF-27).  The differential pressures 
measured at MH27 are both above and below 0.0 suggesting the “slack” upstream end in the 
ventilation.  This finding is further supported by the fact that all manholes upstream of MH27 
show positive pressures while manholes between MH27 and MH18 show increasingly negative 
pressure as they approach LTOAF-17. This could be explained by the LTOAF-27 exhaust 
 
Figure 3-12. Sample ACR Output collected at MH18. 
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pressure while the next closest Manhole tested, MH9 showed a significantly positive pressure 
of between 0.09 and 0.10 in. WC.  Manholes between MH15 and MH9 could not be tested due 
 
Figure 3-13. ACR Sewer Headspace Pressure Measurements Upstream of LTOAF-17. 
 
 
Figure 3-14. ACR Sewer Headspace Pressure Measurements Downstream of LTOAF-17. 
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to access limitation and as such, and due in large part to the only-slightly-below-0.0-in-WC 
pressures measured at MH15, it is assumed that the downstream coverage of LTOAF-17 ends 
at MH14.  
 
3.2.3. C Potomac Interceptor Data Collection 
The gravity-sewer data-collection efforts were conducted at LTOAF-17 and at the 
immediately-upstream MH-18.  Collected data for the PI verification effort included:  
• Continuous monitoring of liquid-phase dissolved oxygen (DO), oxidation reduction 
potential (ORP), conductivity, temperature, and pH.  
• Separate liquid samples were collected and analyzed at the DC Water Blue Plains 
laboratory for 5-day biochemical oxygen demand (BOD5), COD, total and volatile 
suspended solids (TSS and VSS), VFA, and alkalinity. Separate liquid samples were 
collected for analyses of dissolved CH4 and sulfide.   
• Gas phase measurements of CH4, CO2, N2O, and H2S. 
 
Figure 3-15 shows the general configuration for collection of liquid samples from MH-18.  
Wastewater samples are continuously pumped from the sewer using a submersible pump into 
a 5-gallon collection vessel. A MultiQuip Model ST2040T submersible pump was used and all 
logging instruments and bulk equipment were rented from Pine Environmental Inc.  The 
instruments supplied by Pine Environmental were calibrated prior to delivery. Once on site, 
instruments were calibrated in accordance with the manufacturers’ guidelines. 
 
 
Figure 3-15. Schematic for Submersible Pump/Piping Setup at MH 18. 
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The submersible pump was submerged in the wastewater flow at all times during the 
period of operation. Due to high flow velocities in the PI, extra precautions were taken to 
ensure that pump and the associated piping and valves were securely held in place during the 
sampling period.  A 12-inch-diameter Schedule 40 polyvinyl chloride (PVC) pipe was used to 
house the pump and the discharge piping.  Stainless steel angles bolted to the base of pipe 
supported the pump while maintaining the pump upright.  Additionally, the discharge piping and 
the power cable were secured to the other end of the PVC pipe. Wide slots and holes were cut 
into the lower reaches of the protective pipe so as to allow continuous wastewater flow.  
Pumped wastewater flowed continuously through a 5-gallon collection vessel that 
served as the sampling chamber for a multi-parameter probe.  The nearly-constant-volume 
sampling chamber continuously drained wastewater back into the manhole and the PI flow.  
The sampling chamber was equipped with valves and bypass piping so that the feed rate could 
be controlled and the depth in the sampling chamber was monitored hourly.  Another branch off 
the main wastewater pumping line allowed collection of other samples for field or laboratory 
analyses.  
For PI sampling, the entire pump/protective-pipe arrangement was inserted into MH-18 
until the pipe rested on the invert of the sewer as shown in Figure 3-15.  The top of the pipe 
assembly was cut beneath the manhole rim so that the cover could be largely closed, but still 
allowing the pump discharge and return drains to pass.  Airflow through the remaining 
openings was largely restricted by cardboard, a tarp, and duct tape.  The liquid samples so 
collected were immediately analyzed for DO, ORP, conductivity, temperature, and pH.  
Separate liquid samples were collected in Nalgene bottles, preserved and then transported to 
DC Water Blue Plains laboratory for BOD5, COD, TSS, VSS, total dissolved solids, VFA and 
Alkalinity.   
Separate liquid samples were collected for analyses of dissolved sulfide and CH4.  The 
samples were initially collected using shop-fabricated assembly (shown in the bottom of two 
photographs in Figure 3-16) based on a design by Liu (2014) that charges an enclosed reactor 
with a known quantity of the liquid to be analyzed, circulates air through a separate, sealed 
reactor cell with gas-phase detectors.  Once equilibrium is achieved the gas-phase 
concentrations and Henry’s Law are used to calculate the dissolved gas concentrations.  This 
device was eventually abandoned when it was determined the instrument were not truly sealed 
and that ambient-air inter-changes were being induced and losing gas-phase mass.  Since that 
time, vacuum-primed serum bottles were used to collect samples.  The headspace CH4 and 
H2S were analyzed once equilibrium has been achieved. 
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Gas-phase concentration data were collected continuously for H2S and for CH4 and CO2 
and N2O at approximate-15-mintues intervals from the continuously ventilated air stream 
downstream of the foul air fan at LTOAF-17.  A gas port on the fan discharge with and isolation 
ball valve provided the air supply to the gas chromatograph (GC) (also shown in Figure 3-16).  
The GC was manufactured by SRI Technologies Inc. had two detector columns and was 
specifically designed for GHG monitoring.  The GC was fitted with a flame ionization detector 
(FID) / methanizer for measuring gas-phase CH4 and CO2 and an electron capture detector 
(ECD) to detect N2O.  Hydrogen gas and N2 were supplied to the FID and ECD, respectively. 
H2S was monitored at a separate location on the foul air duct using an Odalog. 
 
 
Figure 3-16. Gas-Phase Data Collection and Dissolved CH4 and H2S Set-up at LTOAF-17. 
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3.2.3. D Methodology for PI Verification of Gravity-Sewer CH4 Algorithm 
The Gravity-Sewer CH4 Algorithm is verified using data collected from the PI.  While the 
full Collection-System CH4 Algorithm (reference Section 3.2.4) was used for the PI verification, 
surcharged sewers represent only 220 m of the 57.3 km modelled (or approximately 0.4%), 
and as such, the PI represents a very good test of the Gravity-Sewer CH4 Algorithm.  The 
verification uses data collected from the PI on September 16 through 18, 2014 (summer 
validation days) and April 7 through 9, 2014 (winter validation days). Methods for determining 
the experimental boundary conditions and for sample collection and analyses are discussed 
earlier in this section.   
Specifically, data were collected in two sampling campaigns along the PI and those 
data, collected over three summer days and three winter days, are used as six separate data 
sets (one per day) to verify the Gravity-Sewer CH4 Algorithm’s prediction of daily average CH4 
production for each of those days.  Sources of and sinks for CH4 along the tested PI are shown 
schematically for the CH4 mass balance in the tested PI in Figure 3-17.   
The CH4 mass balance for the tested PI includes the following sources and sinks:  
Source-1) CH4 Produced within the Modelled PI. Proposed-algorithm-derived 
production for the PI both upstream of the LTOAF-17-ventilated reach and within 
the ventilated reach itself.    
 
 
 
Figure 3-17. Schematic CH4 Mass Balance, Sources, and Sinks for Verification on the PI. 
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Source-2) CH4 Imported into the Modelled PI. Estimated dissolved CH4 
entering the PI through contributing, other-jurisdictional sewers is based on 
0.75mg/L of dissolved CH4 as an average concentration for the sewage imported 
into the PI from jurisdictional sewers at an average sewage temperature of 
22.1OC.  The imported CH4 mass for other days was then calculated based on 
the algorithm temperature relationship for production kinetics (1.06(T-20)) at the 
measured daily-average sewage temperature.  To make the imported-CH4 mass 
purely temperature-based and not affected by flows on dry weather days, 
imported-sewage CH4 concentrations were also adjusted in inverse proportion to 
the measured daily-average flow.   
Sink-1) Measured Gas-Phase CH4.  CH4 gas leaves the experimental boundary 
through the foul-air-fan discharge at LTOAF-17.  Fortunately, the mass crossing 
this boundary was measured continuously during the sampling campaigns.  
Because this mass flux is known it is used to verify the sum of other emissions.  
Sink-2) Liquid-Phase CH4 Discharged from the (Ventilated) PI. Dissolved CH4 
in the sewage discharged from the ventilated reach (at MH-14, refer to Section 
3.2.3.B) leaves the experimental boundary.  This mechanism is therefore 
considered a CH4 sink. 
Sink-3) Unmeasured Fugitive, Gas-Phase CH4. CH4 gas released as a fugitive 
emission upstream of the ventilated PI segments is the last CH4 sink.  This 
amount is unknown and is assumed to be zero when closing the PI CH4 mass 
balance.  Because the amount of gaseous CH4 escaping from the over 50 km of 
PI upstream of the ventilated section could not be zero, the overall estimates of 
CH4 emission herein should be considered minimum emission rates. 
Total Predicted CH4) Estimated CH4 to be Exhausted at LTOAF-17. The 
calculated surplus CH4 mass in the liquid phase is assumed to be a prediction of 
the amount of CH4 that would be measured at the LTOAF-17 fan. This 
accordingly assumes that no CH4 is released upstream of the ventilated 
segments (e.g., that no mass is emitted through Sink-3).   
 
3.2.4 Forcemain and Combined Collection-System CH4 Algorithms 
This subsection discusses the basis for the Forcemain CH4 Algorithm that is used to 
estimate CH4 production in forcemains and fully-surcharged gravity sewers.  It also discusses 
how this Forcemain CH4 Algorithm and the Gravity-Sewer CH4 Algorithm (from Section 3.2.2) 
are used together in the Collection-System CH4 Algorithm.  
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3.2.4. A Forcemain CH4 Algorithm 
Foley’s simple forcemain model was a correlation of measured data from a single rising 
main and intended for application to similar forcemains with “similar operational characteristics” 
which included temperature and organic-matter composition.  The model was a best fit of 
measured dissolved CH4 production to hydraulic residence time (HRT) and the ratio of volume 
to biofilm area.  This model did not separately account for temperature effects. 
Slightly ahead of Foley, Guisasola expanded Sharma’s (2008) dynamic, multi-variable 
H2S forcemain model to include reactions that result in CH4 production.  
The following Forcemain CH4 Algorithm (Eq.3-11) has been developed by UQ-AWMC to 
estimate CH4 generation in forcemains: 
rCH4-FM  =  3.452 x N(0.202) x D x 0.396(1-NxPT/1440) x 1.06(T-20)  Eq.3-11 
Where:         rCH4-FM = CH4 emission rate in kg CH4/(km*day) 
D = Pipe diameter in m 
N = Number of pump cycles per day 
  = 1 for continuous flow in DC Water Collection System 
PT = Pump time; or the duration of each pump cycle in minutes 
= 1440 for continuous flow in DC Water Collection System 
T = Sewage temperature in OC 
 
Figure 3-18 shows the Eq.3-11-predicted CH4 production compared to the dynamically-
modelled SeweX output for various combinations of pipe diameter, pumping cycles per day, 
and pumping-cycle durations.  The Figure 3-18 analyses were done at 20OC sewage 
temperatures. 
Because there are no intermittently operated pumping stations in the DC Water system 
and the balance of the surcharged sewers are assumed to flow continuously, the forcemain 
equation is simplified with both N(0.202) and 0.396(1-NxPT/1440) terms replaced with “1.0” for a once-
per-day (N=1), 1,440-minute (PT=1440), continuous operation.  Eq.3-11 is accordingly 
simplified to the following equation for continuously flowing pipes: 
rCH4-FM  = 3.452 x D x 1.06(T-20)     Eq.3-12 
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3.2.4  B Combined Collection-System CH4 Algorithm 
The combined Collection-System CH4 Algorithm is applied to both the PI verification 
(Section 3.3.1) and the overall DC Water collection system (Sections 3.3.2 and 3.3.3) as 
follows: 
1. DC Water maintains an InfoWorks CS hydraulic model (herein-after referred to as DC 
Water’s “hydraulic model”). This model was run at “design average conditions” and the 
output file from that average, dry-weather flow condition was used as the infrastructure 
and flow “shape file” for every minute of every day analysed by the combined algorithm.  
Each pipe segment accordingly has a constant diameter, slope, upstream and 
downstream invert and hydraulic grade elevations, at a segment-specific steady-state 
flowrate.  It is critical to realize that design average conditions results in approximately 
385 mgd being delivered to Blue Plains.  While near the turn of the century average 
flows entering the AWTP ranged from 325 to 340 mgd, more recent average flows have 
been reduced to between 290 and 315 mgd.  The average flow for 2014 (the year 
modelled in the collection-system-wide CH4 estimations) was 306.5 mgd.   
2. A test was applied to the check the upstream and downstream hydraulic grade relative 
to the crown of the pipe for each segment within the design-average collection-system 
 
Figure 3-18. CH4-Production Comparison of Eq.3-11 and SeweX-Model Predictions. 
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hydraulic-model output.  The pipes were then categorized as gravity sewer or 
forcemains/surcharged sewers using the following conditions and resulting actions: 
a. If the hydraulic grade was below the pipe crown at both ends: The entire 
pipe was classified as a gravity sewer and CH4 production for the full length was 
estimated using the Gravity-Sewer CH4 Algorithm (Eq. 3-7), for the DC Water 
network). 
b. If the hydraulic grade was above the pipe crown at both ends: The entire 
segment was classified as a surcharged sewer and CH4 production for the full 
length was estimated using the Forcemain CH4 Algorithm (Eq. 3-12). 
c. If the hydraulic grade was above the pipe crown at one and below the 
crown at the other:  A portion of the pipe was treated as gravity sewer and the 
balance was treated as a surcharged sewer and modelled using the Forcemain 
CH4 Algorithm.  The relative lengths were calculated by assuming linear changes 
in both hydraulic grade and crown elevation and using the intersection of these 
grade lines as the break in the respective classifications. 
 
3.2.5 DC Water System Description and Sewer-CH4 Estimation Overview 
Over 580 miles of sanitary and combined sewers are modelled in DC Water’s hydraulic 
model; which represents approximately 31% of the entire 1900-plus miles of the DC Water 
collection system.  The InfoWorks model includes approximately 370 miles of sanitary sewer of 
12-inch-and-larger sewers, 212 miles of 21-inch-and-larger combined sewers. A limited number 
of even-smaller-diameter pipes are also included to complete network connectivity. The above 
lengths also include the PI.  
The collection system within the District of Columbia that is analyzed herein is shown in 
Figure 3-19.  Table 3-5 summarizes the modelled system in seven separate groupings of 
various pipe sizes.  
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The mass balance around the DC Water collection-system CH4 models is slightly 
different that that used for the PI verification.  A schematic of the sources and sinks covering 
the modeled system, consisting of the hydraulic-modelled collection system and the Blue 
Plains AWTP (but only as it relates to processing sewer-generated CH4) is provided in 
Figure 3-20.  And in a similar fashion to the discussion in Section 3.2.3.D, the meanings and 
derivations for the collection-system-wide sources and sinks are as follows: 
Source-1) CH4 Produced within the Modelled Collection System. The proposed 
Collection System Algorithm is again used to predict CH4 production within sewers and 
forcemains included in the DC Water collection-system hydraulic model.  The collection 
system algorithm uses: 
 
Figure 3-19. Schematics of Sewers Modeled with the District of Columbia. 
 
 
 
Table 3-5. Statistics on DC Water’s Modeled Sewer Network (statistics include the PI). 
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• The hydraulic-model-output hydraulic elevations relative to pipe-crown elevations 
at each end of each segment are used to classify each segment or partial 
segment as either gravity sewer or forcemain/surcharged sewer as defined in 
Section 3.4.2.B - item 2.  The appropriate Gravity-Sewer or Forcemain Algorithm 
is then applied to each pipe length or partial length. 
• The hydraulic-model flows are also used within each algorithm for each 
respective pipe.  As discussed previously, these flows are higher than today’s 
actual flows and yet the DC Water hydraulic model provided the only means to 
determine the flow to be modelled in each segment of the system. 
• Average collection-system sewage temperatures for each period.  The Blue-
Plains-effluent temperatures are converted to collection-system temperatures 
using Eq.3-13. 
 
Figure 3-20. Schematic Mass Balance, Sources, and Sinks for the DC Water Collection-System-Wide CH4 
Emissions Estimation. 
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Source-2) CH4 Imported into the Modelled Collection System.  CH4 entering the 
modelled DC Water collection system through either other-jurisdictional sewers or 
smaller DC Water-owned sewers upstream of the modelled system uses the same  
temperature-based CH4 concentration (0.75mg/L of CH4 at 22.1OC) and Arrhenius-
based adjustment for jurisdictional flows entering the PI.  That concentration is then 
applied to the entire Blue Plains recorded effluent flow to estimate the dissolved CH4 
mass imported into the DC Water collection system.  
Sink-1) Sewer-Generated CH4 Emitted within DC Water’s Jurisdiction.  This sink is 
the objective sought by this estimation.  Adding the sources and subtracting the other 
estimated sink results in the CH4 mass emitted to the atmosphere.  Its derivation is 
shown in the mass-balance overview box in Figure 3-20 derived by: Adding Sources-1 
and -2 and subtracting Sink-3. The assumption is that all produced CH4 will either be 
emitted as CH4 gas or remain dissolved and be discharged with the AWTP effluent.   
Sink-2) Dissolved CH4, not Vented to the Atmosphere.  In the collection-system-wide 
context, most of the sewer-generated CH4 conveyed into Blue Plains will be emitted to 
the atmosphere within the AWTP at the headworks, primary clarifiers, or stripped out of 
solution by diffused-air aeration in either the carbonaceous or N-activated-sludge 
processes.  However, a small amount of CH4 could remain in solution all the way to the 
plant effluent where it might be further sequestered by the even greater mass of water in 
the Potomac River, Chesapeake Bay, and eventually the Atlantic Ocean.  As such, 
Sink-2 is retained from the original mass balance but thought to be a very small fraction 
of the sewer-generated CH4.  Additionally, all of the AWTP-effluent dissolved CH4 is 
assumed to be attributable to generation in the collection system instead of through 
anaerobic processes within the AWTP.  While this is certainly not entirely true on a 
molecular level, it makes sense on a macro scale based on the similar influent and 
effluent flows.   
CH4 quantities for Sink-2 are determined by assuming a very-small fraction 
(0.1% is assumed) of the CH4-saturation concentration (adjusted for the period-average 
Blue Plains effluent temperature) and applied to the average flow for the period; again 
using the annual-average flowrate for all ten 10th-percentile-temperature bins while using 
monthly average flowrates for monthly parsing. 
 
Two parsing options are included because the results, while relatively close, are actually 
different and the comparison herein provides insight into the differences.  The results are 
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discussed within the context of both DC Water’s utility-wide GHG emissions inventory and 
relative contributions from the upstream jurisdictional sewersheds.  
 
3.2.6 Sewage-Temperature Estimation and Organization for Analyses 
Because collection-system temperature is not routinely monitored anywhere in the DC 
system, the following method was developed to allow estimation of collection-system sewage 
temperatures based on the nearly-continuous monitoring of Blue Plains AWTP effluent 
temperatures.  Figure 3-21 shows the temperature data during sampling at the PI, correlated 
with Blue Plains effluent temperatures.  Blue Plains effluent temperatures are measured at 15-
minute intervals with duplicate flow meters.  The two metered values from each 15-minute 
interval have been averaged and a rolling-30-minute average is used to estimate Blue Plains 
temperature at the same time that PI temperature measurements were recorded.  Use of a 
linear, least-sum-of-squares, best-fit was used to establish the relationship below for 
calculating collection-system temperature from the recorded effluent temperatures at Blue 
Plains: 
  
 
 
Figure 3-21. Correlation and Best-fit Determination for Conversion of Blue Plains Effluent Temperature 
Data to Estimated Collection-System Sewage Temperatures.  
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TCS  = 1.1957 x TBP-Eff  - 6.8534       Eq.3-13 
Where:  
TCS = Collection-system sewage temperature in OC  
TBP-Eff = Blue Plains daily average (based on the average of two  
    instruments) effluent temperature, in OC 
 
For the PI verification effort, measured average temperature for the day in question was 
used.  For DC Water collection-system-wide modelling, two separate approaches are used and 
compared: 
• 10th-Percentile Temperature Parsing. A full-year’s temperature data recorded for the 
Blue Plains effluent recorded at 15-mintue intervals is sorted in increasing order and 
then parsed into ten increasing 10th-percentile bins.  Because these temperatures are 
not specifically associated with a contiguous period of time, and annual average flows at 
Blue Plains are used for estimating imported and discharged CH4; and  
• Monthly-Average Temperature Parsing.  The second approach models CH4 
production based on monthly-average temperatures and monthly-average AWTP 
flowrates.  DC Water intends to use this method to develop their GHG emissions 
inventory so that sewer-related CH4 emissions can be included in reports to the Board of 
Directors and General Manager on a monthly basis.  
 
3.2.6 A 10th-Percentile Temperature-Parsing  
This first GHG production estimation uses calendar-2014 Blue Plains effluent 
temperature records, measured at 15-mintue intervals and sorted from low to high values.  
Each of the Blue Plains effluent temperatures is used to estimate the collection-system sewage 
temperature using Eq.3-13.  The sorted, average-measured, Blue-Plains- effluent and 
estimated-sewage temperatures are shown in Figure 3-22.   The average temperatures within 
each of ten, equally-proportioned, sequentially-increasing “bins” of temperatures are also 
identified.  Those 10th-percentile average temperatures together represent the entire range of 
2014 variations in AWTP effluent and collection-system-sewage temperatures. 
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The following estimations are then made for each of the 10th-percentile conditions and 
multiplied by the 36.5 days that each represents.  The results are reported in Section 3.3.2, 
Table 3-7: 
• The Collection-System Algorithm is applied to the modelled sewer network using 
the hydraulic model shapefile.  Each bin-average temperature is used and the 
result reported as Source-1. 
• Dissolved CH4 imported into the modelled network is estimated using the bin-
average temperature and the Blue Plains annual average flowrate, and are 
reported as Source-2.  0.75mg/L dissolved CH4 is again assumed at 21OC.  
• Dissolved CH4 discharged in Blue Plains Effluent are estimated using the bin-
average temperature and the Blue Plains annual average flowrate.  Results are 
reported as Sink-2. 
• CH4 generated within the sewers or imported into the network are assumed 
released in either the DC-Water collection system or at the Blue Plains AWTP.  
Sewer-generated emissions in either DC Water’s sewer network or at Blue Plains 
(shown as Sink-1) are calculated as the sum of Sources-1 and -2 minus Sink-2. 
 
 
 
                    
 Figure 3-22. Sorted Temperatures and Monthly Average Temperatures for Blue Plains Effluent 
(measured) and Collection-System (estimated) used in the 10th-Percentile-Parsing CH4 Estimate. 
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3.2.6 B Monthly Temperature Parsing 
The second sewer CH4-emission estimate uses the same calendar-2014 Blue Plains 
effluent temperature data that were used for the 10th-percentile parsing, however this effort 
summarizes monthly emissions based on average Blue Plains effluent temperatures (that are 
also used to estimate collection-system monthly-average temperatures) and monthly average 
flowrates at Blue Plains. The measured Blue Plains effluent temperatures and estimated 
collection-system temperatures are shown in Figure 3-23 along with respective monthly 
averages.    
Similar source and sink nomenclature is reused but actual monthly-average flowrates 
(rather than annual average flowrates) are used for estimation of the imported (Source-2) and 
discharged (Sink-2) CH4 masses.  Time periods are also variable, matching the number of 
days in each month.  The following list summarizes the differences between Monthly-Parsing 
and the previous 10th-Percentile Parsing:   
• For Source-1, the approach is identical, using the same hydraulic-model-shapefile flow, 
pipe-size, and pipe-slope data and the same gravity-sewer vs. surcharged-sewer, 
partial-segment classifications.  Monthly average temperatures are used and each time 
period is variable using the number of days in each month instead of using a uniform 
duration. 
• Source-2 and Sink-2 are calculated differently as they are dependent on variable 
monthly-average flow rates (that were kept constant in the previous analysis), ranging 
 
Figure 3-23. Temperatures and Monthly Average Temperatures for Blue Plains Effluent (measured) 
and Collection-System (estimated) for 2014 used in the Monthly-Parsing CH4 Estimate. 
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from 273 to 350 mgd.  Otherwise, the monthly-average temperatures are used to adjust 
imported and discharged-from-Blue-Plains CH4 mass as applied as previously.   
• Sink-1, or total emitted CH4 is calculated using the same methodology. Sewer-
generated emissions are calculated as the sum of Sources-1 and -2 minus Sink-2. 
 
3.3 Results and Discussion 
 The results of applying the methods in Section 3.2 to the calendar 2014 DC Water 
operation are discussed herein.  An estimation of the national significance of sewer CH4 is also 
provided. 
 
3.3.1  Presentation of Results for PI Validation   
As the Collection-System Algorithm calculates CH4 production over the course of one 
24-hour day, the Algorithm is verified herein against three consecutive dry-weather summer 
days and three consecutive dry-weather “winter”.  The algorithm results are presented in Table 
3-6 with other calculated, daily CH4-mass fluxes so as to fully characterize the mass balance. 
Table 3-6 “predicted” CH4 emissions are CH4 modelled to be produced in the PI (Source-1), 
plus CH4 imported from other-jurisdictional sewers (Source-2), minus the discharged dissolved 
CH4 (Sink-2).  The following observations are made from the data in Table 3-6: 
1. The Collection-System CH4 Algorithm has been applied to all of the flows and all 
of the DC Water-owned/operated sewer infrastructure upstream of and through 
the segments ventilated by the LTOAF-17 fan (where the CH4 flux was quantified 
on a continuous basis).  The Algorithm results predict that between 45 to 49% 
and 44 to 58% of the CH4 measured during the summer and winter sampling 
periods, respectively, was produced within the upstream PI that is owned and 
operated by DC Water.   
2. In order for the total predicted CH4 to be slightly higher than that measured at 
LTOAF-17 for the six days used for calibration, 0.75mg/L of dissolved CH4 was 
assumed as an average concentration for the sewage imported into the PI from 
jurisdictional sewers for the sampling day with the warmest sewage temperatures 
averaging 22.1OC on September 16, 2014).  The imported CH4 mass for other 
days was then calculated based on the measured daily-average sewage 
(temperature and the algorithm temperature relationship for production kinetics 
(1.06(T-20)).  To make the imported-CH4 mass purely temperature-based, 
imported-sewage CH4 concentrations were also adjusted in inverse proportion to 
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the measured daily-average flow.  The shown imported CH4 mass quantities are 
based on applying the calculated concentration to the average flow estimated  
 
Table 3-6. Potomac Interceptor Verification of the Collection-System CH4 Algorithm. 
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within the ventilated reach of the PI for each specific day (consult Section 3.2.3.A 
for information on how these flows were measured and/or estimated). 
3. There are 5 major contributing sewers in the upstream PI, ranging from 30” to 54” 
in diameter with average flows ranging from 3.4 to 8.9 mgd.  There are also two 
additional clusters of smaller sewers in Loudon County that when combined, 
represent an additional 7 mgd on average.  The locations, sizes and associated 
average flows are shown in Figure 3-24.  The large sizes and relatively high 
volumes of flow would suggest that the upstream catchments are fairly large and 
could likely produce a significant amount of upstream CH4.  While 0.75 mg/L 
dissolved CH4 has been assumed herein, actual concentrations could be 
considerably higher.  Others have measured gravity-sewer and pumping-station-
wetwell dissolved CH4 concentrations of 1.0 to 1.92 mg/L (Foley et al., 2009).  
Higher actual or assumed influent imported-flow CH4 concentrations would 
increase the amount of CH4 vented to the atmosphere within the unmeasured 
fugitive, gas-phase category (Sink-3). 
4. The 5.5-km length of sewer served by the LTOAF-17 fan was determined to start 
at MH27 and finish at MH14, just downstream of the LTOAF.  During the 
sampling campaigns, none of the other LTOAFs were in service so that the only 
 
Figure 3-24. Jurisdictional Sewers and Associated Average Flows Feeding the PI. 
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positive source of ventilation on the entire PI was the fan where the continuous 
gas-phase measurements were recorded. 
5. All of the sampling was conducted during dry weather.  The length of ventilated 
sewer is assumed to have been constant during the sampling events.  
6. Figure 3-25 shows the PI pipe-invert elevation changes from the upstream end 
near Dulles Airport through LTOAF-17, and on to where the PI crosses into the 
District of Columbia.  The profile of the PI is such that many of the upstream 
reaches have fairly shallow slopes (and the steep portion near Dulles Airport 
carries very little flow).  The following observations are also related to the profile 
in Figure 3-25: 
a. The ventilated reach, on the other hand, has the two steepest segments.  
Because the steep segments and associated turbulence are ventilated by 
LTOAF-17, it is assumed that some degree of increased CH4 stripping from 
solution would be observed in the measured, gas-phase data.  This stripping 
would be less (or possibly none at all) in more quiescent sewers.   
b. A third, fairly long, steep segment occurs less than three miles upstream of 
ventilated reach.  This portion is also likely to strip some dissolved CH4 
generated upstream of the LTOAF-17 data collection and increase the 
undetected fugitive emissions.   
 
 
Figure 3-25. PI Profile from near Dulles Airport to the Washington-DC Border. 
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c. As a broader extension of this same phenomenon, because almost all of the 
predicted CH4 was actually measured at the LTOAF on the sampling days 
(with average predicted surplus production of 3.1% in the summer and 7.1% 
in the winter) it is almost certain that additional CH4 was released to 
atmosphere at other upstream locations.  This would suggest that either 
imported sewage CH4 concentrations were greater than estimated; that the 
discharge concentrations were lower; that the algorithms used under-predict 
CH4 production; or possibly a combination of all three factors.     
 
The Collection-System Algorithm and (by the limited number of surcharged segments, 
less than 0.4% of the modelled length of the PI) the Gravity-Sewer Algorithm provided 
proportional to measured predictions of CH4 emissions at the LTOAF-17 over a range of 
temperatures.  Even so, this methodology likely represents the lower boundary for CH4 
emissions for the system analyzed as it necessarily assumed that all of the “forecast” produced 
and imported CH4 was measured at the LTOAF-17 exhaust fan.  Some sources of likely under- 
and over-reporting (represented by the designations “UR” and “OR”, respectively) of the mass 
of CH4 produced include (presented in order of decreasing likely significance in each category): 
UR-1. Assumption of Zero Gas-Phase Emissions Upstream of Ventilated Reach.  
The emissions from the PI upstream of the ventilated reach are assumed to be zero, 
despite the existence of some relatively steep pipe segments.  As the CH4 mass 
exhausted from the 5.5-km section of the PI and measured at LTOAF was significant, it 
is impossible that no CH4 was transmitted to the atmosphere along the over 50 km of PI 
upstream of the ventilated section.  Unlike some of the other identified sources of under-
reporting that could be either sources of over- or under-reporting, it is certain that this 
assumption is incorrect and that some emissions occur upstream.  The assumption was 
necessary, however in order to close the experimental mass balance resulting in our 
assessment that this is a “low-end” of likely emissions for this system. 
UR-2. Likely-Low Assumed Imported CH4 Concentration.  The assumed imported 
CH4 concentration for CH4 Source-2 of 0.75 mg/L at 22.1OC could be, and likely is a 
lower-than-actual value.  The assumed summer concentrations are only 3.0 to 3.5% of 
CH4-saturation concentrations (0.74 and 0.75mg/L were used) while winter 
concentrations used were between 1.0 and 1.5% of saturation (values between 0.36 to 
0.40mg/L were used).  These values are considerably lower than the values reported in 
literature. Of course, the most important factor is the difference between the imported 
 101 
and discharged concentrations across the experimental boundary and that is thought to 
be a source of under-reporting. 
UR-3. Lack of Consideration for Partially-Surcharged Sewers.  The approach either 
assumed that a segment and/or portion of a segment is either gravity (and therefore 
free-discharging based solely on pipe slope) or surcharged (and therefore modelled as a 
forcemain).  As such, until the hydraulic model predicts that the hydraulic grade is above 
the crown of the pipe at either end, the segment is assumed to be free-discharging.  And 
yet this is far from a binary (on/off) condition and the hydraulic grade in each segment is 
affected by the hydraulic grade in the immediately downstream segment.  Accordingly, 
the approach underestimates the biofilm area and proportionately, the CH4 production.  
Depending on the magnitude of the difference between actual and assumed imported 
sewage concentrations, this source of under-reporting could be more significant than the 
imported CH4-concentration under-estimation (OR-2). 
OR-1. Likely-Low Assumed CH4 Concentration for Sewage Discharged from 
Experimental Boundary.   While the imported CH4 concentrations are likely low, it is 
also likely that the assumed discharged concentrations for Sink-2 (0.109 to 0.111mg/L 
CH4, or 0.48 to 0.50% of CH4-saturation, in the summer and from 0.083 to 0.085mg/L 
CH4, or 0.28 to 0.29% of CH4-saturation in the winter) are also low.  It is also possible 
that, due to the extreme turbulence, the assumed values are instead higher than actual; 
which would make this a source of under-reporting.  These concentrations are still 
thought to be low based on literature values that would suggest higher concentrations 
than what we have used for both imported and discharged sewage.   
OR-2. Higher than Current Flows in “Design Average Conditions” Hydraulic-Model 
Shape File.  As discussed in Section 3.2.4.B, the hydraulic shape file for the PI (and the 
entire DC Water collection system) is run at higher than actual current flows.  In the 
specific case of the PI, the model uses 43.2 mgd at MH17 while the measured/estimated 
flow rates for the days tested were all lower and included 29.9, 30.8, 28.7, 33.3, 36.9, 
36.2 mgd.  This output file is used for the Gravity-Sewer CH4-Production Algorithm; 
specifically, individual segment flowrates, determination of segment gravity or 
surcharged condition, and overall biofilm area as a function of flow and pipe slope are 
used.  This flow overestimation would result in only slightly higher estimated biofilm 
areas as small increases in water levels in the middle-third of most of these pipes 
represent much higher flowrates and very little additional biofilm area.  These flow rates 
are not used to determine either the imported or discharged CH4 loads that would vary 
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proportionately with the flow.  It is thought that this higher flow over-estimation would 
likely only partially offset the larger partially-surcharged-sewer underestimation (UR-3). 
OR-3. Assumption that all Measured Flow for MH17 is Imported as Sewage.  In 
order for this to be true, there would need to be no dry-weather infiltration into the 
modelled PI that primarily runs along the Potomac River or follows the topography of 
contributing streams.  Groundwater elevations in these locations are often above the 
pipe and some infiltration would be expected; and groundwater would not be expected 
to have the assumed imported CH4 concentration. 
 
Overall, the Gravity-Sewer Algorithm is thought to accurately predict CH4 generation in 
gravity sewers.  Most of the sources of general under-reporting come from assumed 
parameters that are outside of the model, yet needed for estimation of overall CH4 emissions.   
Fortunately, these concentrations could be measured through a future sampling 
campaign and much of the assumption-based uncertainty replaced with actual measured 
values.  Based on the DC Water Hydraulic Sewer Model of the PI, approximately 32 mgd of the 
43.2 mgd at MH17 (as compared to measured/ estimated flows of 29 to 36 mgd at MH17) is 
imported through only 5 jurisdictional sewers so that characterization of imported CH4 
concentrations could be accomplished by analyzing as few as 5 locations.  And while access to 
assumed downstream end of the ventilated reach at MH14 was impossible, any manhole 
downstream of the last large drop at MH15 would likely be representative.  A combination of 
seasonal data collected at 5 upstream locations and one downstream location could be 
undertaken as a future project. 
 
3.3.2 System-Wide CH4 Estimate with 10th-Percentile Temperature Parsing 
Table 3-7 summarizes the estimated CH4 sources and sinks for the entire DC Water 
collection system using the methods and features defined in Sections 3.2.5 and the10th-
Percentile Temperature Parsing from Section 3.2.6.A. The total annual emissions are 
estimated as 457,000 kg CH4/yr or just under 12,800MT CO2e/yr. 
Other observations from Table 3-7 include the following: 
• Imported and in-DC-Water-sewer-generated CH4 represent slightly more and slightly 
less than half of the generated CH4, respectively.  The not-emitted CH4 that is 
discharged in the Blue Plains AWTP effluent, is always a small amount, ranging from a 
little more than 2% in colder months to less than 1% in the summer due primarily to 
lower saturation concentrations at warmer temperatures. 
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Table 3-7. DC Water’s Estimated 2014 Sewer-CH4 Emissions using 10th-Percentile Temperature Parsing. 
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• Because the temperature bins in this parsing effort increase fairly linearly and 
time scale (36.5-days per bin) and flow (306.5 mgd for each day) are constant, 
changes in CH4 are entirely temperature-based and temperature-based trends 
are easy to observe.  Specifically, as sewage and AWTP-effluent temperatures 
rise (and both are directly linked so that everything trends proportionately) from 
the coldest to the warmest period, the following are observed: 
o Total CH4 mass increases rapidly. CH4 production increases by 95.1% 
while emissions increase by 97.7%.  The slightly higher proportional 
increase in emission is due the decreased solubility in the AWTP effluent 
(and a decrease in Sink-2 mass). 
o  Dissolved AWTP effluent CH4 mass decreases by 28%. 
•  67% of the DC-Water-modelled-sewer-produced CH4 is consistently produced by 
surcharged sewer segments with the remaining 37% is produced by segments 
modelled as gravity sewers.  This consistency is expected because the shape file 
is constant and the shape file is also the basis for the modelled flowrates.  
Comparing the Gravity-Sewer Algorithm (Eq. 3-7) is with the Forcemain Algorithm 
(Eq. 3-12), shows all variables except one (flow, diameter, and slope; as well as 
the classification of partial segments as gravity or surcharged/forcemain) are 
dependent on the constant, hydraulic-model shapefile.  Temperature is the only 
variable that changes in the Source-1 calculation and both algorithms use the 
same term to account for temperature effects, namely 1.06(T-20).  
• While surcharged sewers produce two-thirds of the modelled CH4, they only 
account for 8.3% of the overall length and 8.9% of the total pipe surface area (this 
is total pipe internal surface and not biofilm area; the percentage of forcemain 
biofilm as a percentage of total biofilm could as high as 16 to 25% if the gravity 
sewers averaged between 1/3rd and 1/2 of full depth).  This would imply that 
forcemains are considerably more significant CH4 sources than similar-sized 
gravity sewers.  While this is true, the significance is likely overstated by the 
presented results due to model assumption that the gravity sewers are free-
discharging and their hydraulic grade is a function flow, pipe size, and slope; and 
not downstream hydraulic grade (this was discussed in item UR-3 in Section 
3.3.1). Table 3-8 provides an overview of the sizes of pipes modelled within the 
DC Water hydraulic model as well as the contributions of various categories to 
the overall modelled CH4 production.  Surcharged sewers again represent much 
higher proportions of CH4 production than they represent in overall length.  In 
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fact, the per-km submerged-pipe emission rates for the largest pipes are on the 
order of 15 to 20 times those of the gravity-sewer pipes in the same size range.  
The per-km submerged-pipe emission rates become even more significant as 
pipe sizes decrease, reaching nearly 50 and 80 times the per-km emission rates 
for gravity sewers under 18-inch- and 12-inch-diameter categories, respectively. 
 
Table 3-8.  Contributions by Pipe Classification under 10th-Percentile Parsing. 
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• Very few segments under 18-inch diameter are even modelled and accordingly, 
they represent negligible CH4 production; it is unknown if would still be true if all 
the smaller pipes were modelled.  Similarly, larger pipes represent more 
significant production than smaller pipes due to their larger surface area.   
 
3.3.3 System-Wide CH4 Estimate with Monthly Temperature Parsing 
The results from the Monthly-Parsing Estimation are shown in Table 3-9.  The total annual 
emissions are estimated as 454,000kg CH4/yr or 12,700MT CO2e/yr, which are only slightly 
lower than those estimated in the preceding analysis.  The following observations are made in 
comparison to the results of the 10th-Percentile Estimation as follows: 
a. Annual Source-1 production is identical to that in the Section-3.3.2 estimate. 
b. Annual Source-2 imported CH4 mass emissions are close but not the same.  The 
difference arises from the potential skewing of flow coincidental with either lower 
or higher temperature seasons.  In the tropics for example, persistently warmer 
ambient temperatures cause afternoon summer storms that in turn cause higher 
water tables and higher sewage flow rates.  These higher flows necessarily 
coincide with summer’s warmer sewage temperatures.   
In the case of this Blue Plains case study however, the opposite is true, with 
higher flows occurring at slightly lower than average temperatures.  Figure 3-26 
shows each pair of average flow and average temperature for each modelled 
period under the two scenarios.  While there is necessarily no flow weighting for 
10th-percentile parsing, there are lower flows at higher temperatures under 
monthly parsing that results in 9.5% more imported CH4 (Source-2) under the 
constant-flow approach. 
c. Because the Source-1 modelled-sewer-CH4-production uses the same 1.06(T-20) 
term, a similar increase would be expected if flows were adjusted.  The increase 
would be considerably less pronounced than for imported CH4 (which is directly 
proportional to flow) however as the full temperature effect in the Source-1 
modelling is moderated by:  
i. Two-thirds of the CH4 is produced by the surcharged sewers and that 
production is independent of flow, and 
ii. Gravity-Sewer Algorithm CH4 production is not directly correlated with flow 
based on the Eq. 3-7 term (Q0.26) having a coefficient of less than 1.0. 
 
 107 
  
 
Table 3-9. DC Water’s Estimated 2014 Sewer-CH4 Emissions using Monthly Parsing of Temperatures and Flows. 
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3.3.4 Geographical Context of the Results    
It may seem counter-intuitive that more CH4 is produced outside (Source-2) of the 
modelled DC water network than within it (Source-1) but it makes more sense when the 
regional nature of the Blue Plains AWTP is considered.  Figure 3-27 A is taken from a DC 
Water brochure depicting the area served by the collection system and AWTP; the PI is also 
shown for context.  Figure 3-27 B reuses the first figure’s orientation but shows a map (from 
Google Maps) that highlights the degree of urbanization within the service area.  While there 
are few locations as urbanized as the District of Columbia itself, much of the surrounding 
service is developed, with many 5-plus-story buildings outside of DC proper. Yet only 68 of the 
725 square miles in the Blue Plains service area reside within the District. 
 
Figure 3-26.  Comparison of Flow-to-Temperature Trends for Imported CH4 Estimation under the 
Two Modeling Scenarios. 
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A similar point of context relates to population.  DC Water’s website contains the 
following description of their wastewater service demographics (DCWater.com, 2016): 
 “DC Water provides more than 672,000 residents, 17.8 million annual visitors, and 700,000 people who are 
employed in the District of Columbia with water and sewer/wastewater treatment.  Blue Plains treats 
wastewater from jurisdictions in Maryland and Virginia for an additional 1.6 million people.”  
Summaries of these data are presented in Table 3-10; the summaries both corroborate and 
raise questions about the relative estimated CH4 production within and outside of DC.  In the 
 
Figure 3-27.  Overviews of the Blue Plains AWTP Service Area. 
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broadest terms, CH4 is produced at the following generalized rates for the various geographical 
categorizations: 
o Roughly one quarter is produced in the local sewers within DC that are not 
included in the hydraulic-modelled network. 
 
Table 3-10.  Comparisons of Inside and Outside of DC Water Collection-System Metrics. 
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o Approximately half is produced within the modelled DC-Water sewer network. 
o The last quarter is produced in the other-jurisdictional sewers feeding the DC-
Water collection system. 
 
3.3.5 DC Water GHG Context of Sewer CH4 Emissions    
As discussed previously, DC Water has calculated their GHG emissions inventory every 
year from 2007 through summer 2015, and while they have included CH3OH CO2 using ICLEI 
WW.9, they have not and do not currently include sewer CH4 (although they are planning to 
include it soon).  Other more recent protocols and their associated methodologies (CARB, 
2008 and ICLEI, 2012) are used when deemed more accurate based on DC Water’s 
understanding of ongoing GHG science.  Similarly, when emissions have been investigated 
and measured within DC Water’s operation, those site-specific methodologies have been used 
instead of population-based or otherwise lower-tier methodologies in the referenced protocols. 
Table 3-11 presents the Blue Plains AWTP’s pre-digestion-upgrades Scope-1 and 
Scope-2 emissions both with and without sewer CH4 (using 10th-Percentile Parsing) for 
calendar 2014.  Sewer CH4, as estimated using the methods described in this report, 
represents 34.4% of DC Water’s wastewater-treatment Scope-1 emissions and 8.3% of the 
Scopes-1-and-2 emissions when electricity use is also considered.  Under any protocol 
definition, sewer CH4 is of significance and worth inclusion/reporting. 
 
 
 
Table 3-11.  2014 GHG Emissions Estimate for Blue Plains with and without Sewer CH4. 
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While 2014 results are fully developed based on the modelling in these last two 
chapters, the significance of sewer CH4 changes somewhat when compared to the post-
digestion-upgrades 2015 GHG-emissions estimates.  Table 3-12 summarizes the emissions for 
the upgraded plant in a partially-simulated 2015 scenario.  Specifically, the AWTP GHG 
emissions have again been adjusted to account for stable post-upgrade-operation and CHP-
use as detailed in Chapter 2 and the same 2014 sewer-CH4 emissions have simply been 
applied to 2015.  The same sewer CH4 mass now represents a smaller portion of a larger 
Scope-1 emissions total and represents a larger portion of the smaller Scopes-1-and-2 
emissions. 
 
3.3.6 National GHG Context of Sewer CH4 Emission 
Sewer CH4 nominally represents 34%, 26%, 8%, and 11% of the Scope-1 emissions 
without digestion and with digestion, and Scope-1 and Scope-2 emissions without and with 
digestion, respectively in the DC Water context.  Because the sources of under-reporting are 
believed to outweigh the potential sources of over-reporting during the PI calibration/verification 
(Section 3.3.1); and these parameters were then applied to the entire DC Water collection 
 
 
Table 3-12.  Estimated Post-Blue-Plains-Upgrades 2015 GHG Emissions with and without Sewer CH4. 
 113 
system, it is assumed that these percentages represent the lowest end of the range of possible 
sewer CH4 emissions for DC Water.   
Despite this, all facilities treating sewage are supplied sewage by some form of 
collection system, and as such, the application of a national emissions factor might be 
appropriate.  The final analysis in this section attempts to estimate factors that would increase 
or decrease the national-average sewer-CH4 as compared to the features of the DC Water 
collection system.  This discussion proceeds on a per-unit-flow-treated basis; the intention is to 
distinguish how the average volume of US sewage is conveyed to its final treatment facility as 
compared to the average volume treated by DC Water.  
Because the Blue Plains AWTP Scope-1 emissions are dominated by CH3OH use (even 
more so after the digestion upgrades), the 2014 pre-upgrades emissions with (at least) 34% of 
all Scope-1 GHG emissions attributed to sewer CH4, are used as the basis for comparison.  
The following factors are evaluated on a qualitative basis as to whether the topic is likely to 
increase the annual average sewer CH4 as compared to the better understood, DC Water 2014 
baseline.  Each factor bulleted below is characterized to have one of the following effects on 
the national sewer-CH4 emissions-factor relative to the DC Water baseline: dramatically 
increasing; increasing; neutral/no change; decreasing; or dramatically decreasing. 
• The likelihood that the emissions reported herein are lower than actual emissions (for 
the combined under- and over-reporting sources cited in Section 3.3.1) suggests that an 
extrapolation using these data would also under report the significance of the national 
emissions.  Estimated as an increasing to dramatically increasing impact. 
• The Washington, DC annual temperatures likely represent an average for the population 
distribution in the US; with warmer areas having higher CH4 emissions and cooler 
locations having generally lower emissions.  As such, the DC-based analysis should be 
a good approximation based on sewage temperature with a neutral/no change impact. 
• The collection system feeding Blue Plains is a large, very extensive system.  While the 
residence times in the DC-Water-owned system might be representative of something 
only slightly higher than the national average, the significance of CH4 generated in the 
jurisdictions upstream of that system (estimated as the source of approximately half of 
the overall production) is unusual and would not be consistent with most other systems.  
In general, the size and residence time of the analysed system are almost certainly 
sources of over-reporting in this national context. The size and detention times in the DC 
Water system would likely have a decreasing impact. 
• The modelled DC-Water-owned system consists of only 8.3% forcemains and 
surcharged sewers and those full-flowing pipes account for 67% of the CH4 produced 
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within the modelled network.  While some systems exist with single master pumping 
stations that pump all collected sewage only once, such systems are rare.  The DC 
percentage of full-flowing pipes is thought to be consistent with most other systems in 
moderately diverse (slightly hilly) topographies.  Yet many other population-dense 
systems are in much flatter topographies that are necessarily more dependent on many 
more pumping stations and shallower-sloped sewers.  Additionally, many of these 
flatter-topography cities are also in warmer climates like Florida and coastal population 
centres where the higher incidence of surcharged sewers is exacerbated by higher 
sewage temperatures.  As such, the topography in the DC Water case is likely a source 
of under reporting when extrapolated to the balance of the US so that the percentage of 
forcemains/surcharged sewers is estimated to be a source of increasing impact. 
• In summarizing the culmination of these factors, it seems likely that using the data 
developed in this thesis likely under-reports the actual emissions.  As such, the US 
overview that follows that has been developed using the DC Water data is likely a 
conservative estimate; meaning that its prediction likely represents the low-end of US-
national sewer-CH4 significance. 
 
Finally, the Blue Plains inventory has a very significant Scope-1 emission associated 
with CH3OH use that dramatically reduces the percentage-based significance of sewer CH4 
(from what would be 61% and 65% without CH3OH use to only 34% and 26% currently 
estimated for pre- and post-digestion-upgrades, respectively).  If the Blue Plains percentage of 
Scope-1 emissions attributed to sewer CH4 were used directly, this factor alone would 
dramatically increase any such extrapolation.  Accordingly, the Blue Plains per-unit-flow-treated 
emissions factors from Table 2-6 in the preceding chapter are adjusted as follows for inclusion 
in Table 3-13: 
• Blue Plains Sewer-CH4 emissions factor of 77.9 MT CO2e/mo per m3/s treated 
have been added to the WWTP based on the annual estimated emissions of 
12,793 MT CO2e/yr at the annual average Blue Plains flow rate of 13.4 m3/s.  
• The CH3OH weighted emissions factors for the 6 categories of TN-removal and 
digestion WWTPs remain unchanged at 11.7% from Table 2-6. 
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• The other-Scope-1-emissions factors have been changed to the average of the 
Table 2-6 with- and without-digestion factors, minus the 77.9 MT CO2e/mo per 
m3/s for sewer-CH4; resulting in a uniform 49.7 MT CO2e/mo per m3/s treated 
emissions factor. 
 
Table 3-13 shows that based on this analysis, over half (estimated at 54%) of the 
country’s Scope-1 wastewater-related GHG emissions are associated with sewer-CH4.  This is 
a very high estimate for an emissions source that IPCC suggests should be ignored in the 
developed world. 
 
3.4 Conclusions 
This chapter effectively evaluates the significance of sewer CH4 and makes progress 
toward development of a methodology for estimating such emission in other collection systems. 
In reviewing the listed objectives, the following were achieved: 
A. Develop a Collection-System CH4 Algorithm for CH4 emissions.  The 
Collection-System Algorithm and associated application methodology are 
developed in this chapter.  That algorithm consolidates a new Gravity-Sewer CH4 
Algorithm with an available Forcemain CH4 Algorithm to estimate daily-average 
CH4 production.     
 
 
Table 3-13. National Significance of Sewer CH4 Flow-Proportionally considering different 
CH3OH CO2 Emission Rates. 
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B. Verification of the Gravity-Sewer CH4 Algorithm on the PI.  The new 
algorithm(s) proportionally estimated CH4 production coincidental with the 
measured exhaust CH4 over a range of winter and summer temperatures.  It 
became apparent during the mass balance review that the assumptions 
necessary to match algorithm-predicted and measured CH4 mass were effective, 
but also necessarily false.  While the predicted CH4 mass generated and the 
mass measured to be exhausted from the 5.5 km of the ventilated PI were high 
and closely similar in value; it is also unreasonable to assume that virtually no 
CH4 is lost to the atmosphere in the over 50-km of the PI upstream of the 
ventilated section.  The alignment of predicted against measured CH4 creates 
confidence that the algorithm is effective and yet the no-upstream-emissions 
assumption required to close the mass balance suggests that the combined 
approach under-reports the amount of CH4 produced in the sewers.  Sample 
collection to determine the actual dissolved CH4 concentrations in the contributing 
jurisdictional sewers could be measured and no longer estimated for the PI; this 
would in turn replace an assumed concentration with an actual mass thereby 
allowing the fugitive CH4 upstream of the ventilated section to be estimated. 
C. Application of the CH4 Algorithm to the DC Water Collection System.  Two 
versions of temperature-parsing were developed for predicting DC Water’s sewer 
CH4 mass emissions and those two versions provided very similar results with 
sewer CH4 representing of 34% and 23% their Scope-1 emissions total before 
and after the AWTP’s constructed digestion upgrades.  These percentages 
almost certainly understate the sewer-CH4 significance for other entities due to 
DC Water’s much higher than normal CH3OH emissions.  By eliminating, the 
CH3OH contribution, sewer CH4 increases to 60 and 65% of their GHG emissions 
inventory, respectively. It is further recommended that the largest other-
jurisdictional, sewage sources also be sampled for dissolved CH4 so as to 
positively quantify the imported CH4 mass.  
D. US-National Significance of Sewer CH4.  The national significance of sewer 
CH4 is estimated to be at least 54% of all centralized wastewater-treatment 
Scope-1 emissions. 
 
The following assessments with respect to the Section 1.6 methodological needs are 
made: 
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1. Significance.  Sewer CH4 is extremely significant to the point of almost certainly 
representing the largest Scope-1 emission for the entire industry.   
2. Representation.  The algorithms and methodology identified in this chapter could 
be implemented for any hydraulically-modelled collection system.  Because of the 
consideration for actual wetted perimeter and actual variable sewage temperatures, the 
approach herein is anticipated to be representative of enclosed-sewer systems almost 
anywhere.    
3. Science-Based Consensus.  Due to the data gap in imported jurisdictional-
sewage dissolved CH4 concentrations, this current effort should be considered a 
progression toward a final methodology that could be peer reviewed and potentially 
accepted as a new methodology.  It would be advisable to sample the 5 sewers feeding 
the PI on a seasonal basis and then use the updated set of PI data to complete the 
model calibration and then use that version, and supporting data as a recommended 
methodology. 
 
In summary, sewer-CH4 is extremely significant and continued research is strongly 
warranted.  This research should stimulate further investment along these lines as it suggests 
that the assumption that “no methane is generated from sewers in the developed world” was 
primarily a simplifying assumption that was defensible only due to the difficulty in collecting 
data from the multiple non-point sources in a gravity sewer network.  
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Chapter 4: Technology-Based, Digester-Gas-Combustion 
Methodology 
 
4.1  Introduction 
Current GHG reporting protocols use uniform emission factors to estimate the emissions 
of CH4 attributable to the production of anaerobic-digester-produced biogas.  In general, these 
protocols have gravitated to an assumption that approximately 1% of all produced digester-gas 
CH4 is released to the atmosphere as a fugitive, anthropogenic emission.  The 1% includes 
incomplete combustion and fugitive process emissions.      
CH4 is a potent greenhouse gas with 28 times the impact on global warming as CO2 on 
a molar basis.  Anthropogenic emissions of CH4 are estimated to contribute roughly 9% of the 
combined impact of the anthropogenic Scope-1 GHG emissions in the US.  Of all CH4 emitters 
identified in the 2011 US National Inventory (US-EIA, 2011), wastewater treatment is the 
seventh highest source, contributing roughly 2.8% of all CH4 emissions nationwide based 
solely on production from septic tanks and latrines. 
Several conventions exist for calculating GHG emissions attributable to digester gas 
production at WWTPs.  These include: 
• IPCC (IPCC, 2006) suggests that a factor of 80% ±10% COD conversion to 
digester gas be used; no other factor is suggested for normal digester operation in the 
developed world. The IPCC cites industry-specific emissions factors that range from near-zero 
to 1.12% of combusted CH4.  The near-1% emissions factor has been adopted by many other 
protocols. 
• TCR’s General Reporting Protocol (TCR, 2008) and the therein-referenced Local 
Governments Operations Protocol (CARB, 2008), on the other hand, provides one 
methodology using a population-based approximation and a second, more detailed 
methodology that assumes 1% of all produced gas is incompletely combusted and released as 
CH4.     
• The US Community Protocol (ICLEI, 2012) makes use of a 0.0032 kg CH4 per 
MMBtu of gas produced; this factor equates to a 1.0% emission factor. 
• The USEPA’s Mandatory Reporting Rule (CFR40, Part 98, 2009) uses a similar-
value 52.07kg CO2/MMBtu emission factor for biogas, or “captured CH4”. 
• The Australian NGER and NGA use the IPCC methodologies.  Measured factors 
(or defaults, if data do not exist) partitioning raw sewage COD mass to sludge COD mass; 
IPCC’s 80% COD conversion factor for anaerobic digestion of sludge COD; and a 5.3 metric 
ton CO2e/metric ton COD anaerobically treated factor are used to calculate digester gas CH4 
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production.  The estimates then assume that well managed digesters have no CH4 emissions 
due to the effective recovery of CH4 (NGA, 2013).   
It is unclear in each of the above methodologies whether 100% of the produced gas is 
assumed to be “captured” or whether some of the emitted 1% is from process (as opposed to 
combustion) sources.  Fugitive emissions could be emitted from: 1) pressure-relief valves when 
venting; 2) CH4 that is emitted from the perimeter of floating cover digesters; 3) CH4-saturated 
condensate that is collected and then discharged under atmospheric conditions; and 4) other 
gas-handling equipment that is occasionally required to be removed from service and CH4 
almost certainly escapes when these devices are opened for maintenance.  Finally, as 
referenced under Emission Source I in Chapter 1, the most significant source of digestion-
related CH4 is likely that dissolved in the digested sludge after digestion; especially when the 
turbulence of dewatering is likely to strip the gas from solution. All of these “fugitive” emissions 
are very difficult to quantify and could vary significantly from one facility to another based on 
infrastructure and operational practices.  The fugitive component of digester-gas emissions is 
not covered in the balance of this chapter. 
Many combustion devices, such as turbines, microturbines, boilers, and low-NOx flares 
approach complete CH4 combustion and should have near-zero exhaust CH4.  At the other end 
of the spectrum, conventional flares may only destroy between 94 and 96 percent efficiency 
under annual average conditions; and this performance can degrade significantly on windy 
days.  Conversely, USEPA has estimated that these flares typically operate with only 1% to 2% 
CH4 emissions.  Contrarily, USEPA’s values have been shown to be very optimistic through 
wind tunnel experiments conducted as part of University of Alberta’s Flare Research Project 
(Kostiuk et al., 2004) and WERF-funded wastewater-treatment-specific studies that were based 
on that research (Shah et al., 2011, and Willis et. al, 2013a and 2013b).   
Because the emissions attributable to CH4 combustion could vary by a factor of over 
600 times dependent entirely on the use for the gas (comparing 6.0% for conventional flares to 
less than 0.01% for boilers), a more refined methodology is needed.   
 
Chapter 4 Objectives: Chapter 4 investigates whether a new technology-based 
methodology can be developed using stack-testing data that has been collected for either air-
permit compliance or performance verification during construction-start-up.  The intention is to 
consider the actual end-use of the biogas as a higher-tier, more accurate site-specific method 
than protocol-based conventions using a uniform emission rate applied to all biogas produced. 
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4.2 Material and Methods 
 The new method combines data from the sources identified herein.  Unlike most 
combustion devices, conventional candle-stick flares do have stacks that would allow 
measurement of their combustion efficiency and as such, special treatment of that technology 
is required. 
 
4.2.1 Actual Combustion Stack Testing Data Sources 
 Summaries of actual stack testing emissions data on these high-efficiency devices are 
presented in the subsections that follow.  Within the context of this chapter, the term 
“efficiency” without a qualifying adjective (e.g., “mechanical” or “electrical”) refers specifically to 
the percentage of fuel CH4 that is converted to fully- or partially-oxidized products (either CO2 
or carbon monoxide, CO) and not released as CH4. 
 
4.2.1 A Boilers 
Boiler emissions are the first technology covered and boiler exhaust data are presented 
in Table 4-1.   A number of the feed CH4 concentrations in this table are assumed; this is 
considered appropriate because of when the very low measured exhaust CH4 mass is divided 
by fed fuel mass, the result is very small regardless of whether the feed concentration was 
 
 
Table 4-1. Measured Boiler Combustion Efficiency. 
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actually 537,000 or 627,000ppm (the lowest and highest concentrations measured for biogas 
from all of the data presented in this chapter).  These data suggest almost complete 
combustion using boilers. 
The boilers, like many other devices in this chapter were in operation at the Joint Water 
Pollution Control Plant (JWPCP) that is operated by Los Angeles County Sanitation District 
(LACSD) in Los Angeles, California (CA).  The JWPCP is located in the South Coast Air Basin 
in southern CA, a region with the most stringent and longest-running air-pollution-control 
regulations in the US. 
 
4.2.1 B Low-NOx Flares 
Low-NOx flares also provide near-complete combustion of CH4.  Stack-test data for low-
NOx flares are presented in Tables 4-2 and 4-3.  Table 4-2 summarizes results from several 
different installations while Table 4-3 shows data from 7 different flares tested at the JWPCP.  
The average performance from the JWPCP is included as the second column in Table 4-2.  
  
 
 
Table 4-2. Low-NOx Flare Combustion Efficiency. 
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4.2.1 C Microturbines.   
Table 4-4 provides emissions data from a microturbine in southern CA that is also 
operated by LACSD.  Microturbines, like their considerably-larger-scale sister technology 
(combustion turbines) use a significant amount of excess combustion air; often with dry-gas 
flowrates on the order of 20 to 50 times (or more) that of the gaseous-fuel volumetric flow rate 
(with both normalized to standard conditions). Because of this, determining the actual mass of 
any exhaust pollutant (or relative mass to the 
feed fuel for CH4) must consider the 
considerable dilution effect of the combustion 
air volume.  Additionally, the allowable 
exhaust concentrations for microturbine and 
combustion turbines exhaust, while often 
stated on a percent-volume basis, are often 
proportionately lower than devices using less 
air to account for dilution. Table 4-4 shows 
that, even when accounting for dilution, CH4 
combustion with microturbines approaches 
100% efficiency. 
 
 
 
 
Table 4-4. Microturbine Combustion Efficiency. 
 
 
Table 4-3. Low-NOx Flare Efficiency for 7 Flares at JWPCP in November, 2006. 
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4.2.1 D Combustion Turbines  
Test data from two of the combustion turbines at the JWPCP are presented in Table 4-5.   
Like microturbines, these much-larger-throughput devices provide nearly complete combustion. 
 
4.2.1 E Fuel Cells   
Data from LACSD’s fuel cell located in southern CA is summarized in Table 4-6.  Fuel 
Cells are considerably less efficient 
at burning CH4 than the 
technologies discussed above; 
emitting approximately 1% of 
supplied CH4.  
 
4.2.1 F Internal Combustion 
Engines 
Internal combustion engines 
(reciprocating engines) have 
historically been the most 
commonly used digester-gas-
fuelled, renewable-energy-recovery 
devices on digester gas.  Over time, 
the technology has evolved to be 
much more efficient and to produce 
cleaner emissions.  As such, 
engines installed in the 1960s, 
1970s, or even the 1980s or 1990’s 
are not as mechanically efficient as 
those installed today.  Somewhat 
surprisingly, while engine 
efficiencies have been on the rise 
and emissions requirements and 
performance have tightened, 
exhaust CH4 has not improved 
across the technology. Instead, 
exhaust emphasis has been on 
regulated pollutants like sulfur 
 
Table 4-5. Combustion Turbine Combustion Efficiency. 
 
 
Table 4-6. Fuel Cell Combustion Efficiency. 
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oxides (SOx), nitrogen oxides (NOx), particulate (soot), and non-methane hydrocarbons 
(NMHC) like formaldehyde. 
Internal combustion engine data are presented in the Tables 4-7, 4-8, and 4-9.  The 
following descriptions relate to each table:   
• Table 4-7 shows emissions data from an older, Rich-burn engine at the Valencia, CA 
WWTP.  The Valencia unit emits slightly more than 2% of the feed fuel. 
• Table 4-8 shows factory test-cell emissions data from two Cummins engines.  It is 
somewhat surprising how different the engine performance is with respect to CH4 
efficiency; while one unit emits only 0.8 to 0.9%, the other emits a surprisingly high 
2.2 to 2.4%.  The improved combustion efficiency also corresponds with a higher 
mechanical efficiency rating (39 to 43% for low-exhaust-CH4 unit compared to 
between 33 and 38% for the other. 
• Table 4-9 shows factory 
test cell emissions for a 
Caterpillar engine.  The 
unit averages 1.7% un-
combusted CH4.  And, 
unlike the Cummins 
engines, exhausted CH4 
as a percent of feed 
appear to increase as the 
engine is operated at a 
lower percentage of its 
full capacity. 
 
The wide variability in these 
emissions ranges (including fairly 
wide swings for both the newer, 
higher-efficiency engines and even 
the older, rich-burn units) suggests 
that a larger data set is needed for 
analysis.  Additionally, more installed and operational engines would provide more emissions 
test results that align with other technologies presented herein.  
 
 
 
Table 4-7. Combustion Efficiency of “Older” Internal 
Combustion Engines. 
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Table 4-8. Combustion Efficiency of Cummins Engines. 
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4.2.2 Conventional Candle Stick Flare Emissions  
Candle-stick flares (a picture of one such flare is shown 
in Figure 4-1) do not actually have a stack that can be tested 
for emission concentrations.  As such their emissions are very 
difficult to measure and their use has not been actively 
regulated.  In response to this challenge, the University of 
Alberta initiated and conducted their Flare Research Project 
that ran from the late 1990s to mid-2000s.  During this 
program a wide variety of gaseous fuels (varying in energy 
content, composition, moisture/water content, and many other 
 
Table 4-9. Combustion Efficiency of a Caterpillar Engine. 
 
Figure 4-1. Photograph of a 
Candlestick Flare in 
Livermore, CA. 
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factors) were burned using a conventional flare inside a wind tunnel.  The wind tunnel 
allowed weather parameters (like wind speed and barometric pressure) to be adjusted but 
even more importantly allowed the emissions from these open combustion devices to 
quantified in the wind-tunnel exhaust and correlated to specific parameters. 
As part of a Water Environment & Reuse Foundation (WE&RF) project, the Flare 
Research Project researchers developed a tool, the Flare Efficiency Estimator, that is hosted 
on the New York  State Energy Research & Development Authority’s (NYSERDA’s) website 
at: https://www.nyserda.ny.gov/About/Publications/Research-and-Development-Technical-
Reports/Water-and-Wastewater-Technical-Reports  (under “Biogas System Flare Calculator” 
link).  Based on results of the Flare Research Project wind-tunnel measurements, the Flare 
Efficiency Estimator uses input fuel density, moisture content, and volumetric flow rate; flare 
nozzle diameter; ambient barometric pressure; and local wind speed to estimate 
percentages of CH4 combusted and emitted from these exposed combustion devices.  
Figure 4-2 plots calculated flare efficiency (using the developed tool) against wind speed and 
flare nozzle velocities (Shah, 2011). 
This tool was used to develop case studies that estimated the digester-gas-flare CH4 
releases at two WWTPs based on Flare-Calculator-modeled daily emission rates derived 
from measured flared-gas quantities and actual weather data (Willis, 2013): 
• The first plant is a large plant in Tennessee that only digests primary sludge in a 
temperature-phased (thermophilic followed by mesophilic) operation.  The 
 
Figure 4-2. Calculated Flare Efficiency Estimator Output for Variable  
Cross Wind Speed and Flare Gas Jet Speeds. (excerpted from Shah et al., 2011) 
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predicted CH4 combustion averaged 95.5% for calendar 2007.  This relatively high 
effective combustion rate is attributable to a higher-than-normal biogas CH4 
composition of 70% for the modelled year.  
• The second plant is located in Georgia and digests a combination of primary and 
waste activated sludges in mesophilic digesters and the calculations were run for 
calendar 2007 based on a methodology similar to that used for the plant in 
Tennessee.  The overall effectiveness was estimated at 94.5% over a range of 
CH4 concentration of 65%. 
Based on these two case studies, a combustion efficiency of 95.0% (and an 
associated emission factor of 5.0%) is recommended as the default efficiency for digester-
gas CH4 burned at a conventional, candle-stick flare.  If the WWTP is normally subject to 
high winds or has unusually low-energy-content biogas, use of the Flare Calculator is 
strongly encouraged to develop a site specific conventional-flare emissions factor.  Finally, 
readers are additionally cautioned from using this method for other biogas – as combustion 
efficiency is significantly affected by the biogas energy content, and other biogases like 
landfill gas and/or syngas. 
 
4.3 Results and Discussion  
The new methodology, based on the preceding information is provided in this section.  
An assessment as to the method’s significance is also provided using DC Water’s Blue 
Plains AWTP for context. 
 
4.3.1 Technology-Based, Digester-Gas-Combustion Methodology 
A new methodology for un-combusted wastewater-biogas CH4 is presented herein.  
This method is likely an improvement for any CH4-based gaseous fuel inclusive of natural 
gas and biogas from landfills in addition to biogas from anaerobic digesters.  Measured 
digester gas flow to various combustion devices are applied to here-in-proposed emissions 
factors for each device category.  The proposed emission factors have been calculated 
based on stack-test data collected by various utilities and/or published manufacturer test-cell 
data (for newer internal combustion engines, only).   
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The following equation is used to calculate the amount of released CH4 from each 
device at a specific WWTP:   
  Ʃ CH4-Massi * (1 - Fi)        Eq.4-1 
 Where:  CH4-Massi  = Annual mass of CH4 fed to “technology i” 
           Fi  = Percentage of CH4 converted by “technology i” 
 
Table 4-10 presents proposed emissions factors for the combustion technologies 
listed; based on the data presented in Section 4-2 (Materials and Methods).  These factors 
vary from very efficient (for boilers, low-NOx flares, microturbines and combustion turbines) 
to moderately efficient (for reciprocating engines and fuel cells), to considerably less efficient 
(for conventional candlestick flares).  It would be preferable still, and of a higher level of 
accuracy, to use actual measured stack emissions but the default emissions factors are 
suggested when stack-test data are not available. 
The methodology developed herein is recommended for facilities that can quantify the 
amounts of digester gas directed to specific combustion devices and yet do not have their 
own emissions tests for each device.  Alternatively, the emission factors provided could be 
used for reporting for multiple sources across a larger-than-one-WWTP operating unit such 
as a utility, city, or county. 
 
Table 4-10. Proposed Emissions Factors for Various Combustion Technologies. 
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  The proposed emission factors are supported by a reasonably-sized data set.  While 
this methodology is considerably more accurate than the population-based or total-gas-
production methodologies that are in current protocols, use of site-specific, actual measured 
emissions data would be even more accurate.  
Finally, it is interesting to note that over half of the emissions data collected for this 
assessment could not be used.  This was primarily attributable to the fact that the collected 
reports were either: 1) only “summary reports” that deal specifically with a number of 
typically-regulated pollutants; namely NOx, SOx, carbon monoxide, particulate, and NMHC – 
with CH4 reporting not required and therefore not presented, or 2) use methods that 
specifically analyze the concentrations of specific and anticipated NMHC like formaldehyde 
and do not measure CH4 at all (as opposed to older methods that would determine NMHC 
by analyzing total hydrocarbons and subtracting CH4).  This second limitation is even more 
common with more recent stack tests like those for Blue Plains’ new boilers and combustion 
turbines that were published in 2016.   
With the increasing international emphasis on GHG reduction worldwide it seems that 
omission of CH4 testing from the mandatory stack test criteria/methods is an oversight.  We 
would expect for future permitting and revised standard formats to include requirements for 
reporting CH4 measurements. 
 
4.3.2 Biogas-Combustion Methodology Significance Assessment 
The Blue Plains AWTP again provides a good, and by now somewhat familiar case 
study to assess the significance of this new methodology.  While it may look as if biogas 
combustion and the associated CH4 “slip” was excluded from the post-upgrade GHG 
inventory, it was included but determined to be negligible.  This is due to the fact that most of 
produced biogas is burned in the new combustion turbines (with a default 0.0% emission 
factor), or on some occasions burned in a boiler to produce steam (again with a 0.0% 
emission factor), with any excess/unused gas burned in a low-NOx flare (again, with a 
default of 0.0% emission factor).   
Table 4-11 presents the annual Scope-1 GHG emissions for Blue Plains after the 
digestion upgrades (when anaerobic digestion was operational and biogas was being 
produced).  The GHG emissions have been further amended based on current digester gas 
production of 90 MMBtu/hr (that was not steadily produced during the process start-up but 
should be included in order to coincide with the other “after-stable-operation” assumptions 
discussed in Section 2.2.4 and Table 2-2 as monthly totals). Under the first scenario, 1% of 
the biogas production is assumed to be emitted as CH4, which is representative of most 
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protocols today.  The second scenario assumes that all of the biogas is used to fuel the 
combustion turbines and applies the higher of the two LACSD turbine-emissions factors 
(0.0148% of fed CH4 is exhausted) to determine the CH4 “slip” or un-combusted CH4 
discharge to the atmosphere.  Of note, the emission factor used is the second highest of the 
19 measured CH4-emission rates for three available combustion technologies: boilers (Table 
4-1), low-NOx flares (Tables 4-2 and 4-3), or combustion turbines (Table 4-5); with only the 
0.017% for JWPCP Boiler #1 at low fire rate being higher.  This suggests that the emissions 
using the proposed protocol are as high as they could likely be, that the difference between 
the two scenarios is as small as it could be, and that the presentation herein represents a 
conservative example of the difference between current protocols and the proposed method. 
Using the full DC Water Scope-1 emissions, un-combusted CH4 represents either 
7.9% using the protocol methods versus 0.1% using the proposed method.  While the 
 
 
Table 4-11. Blue Plains AWTP First-Half-of-2015, Adjusted, Annual-Equivalent Scope-1 GHG 
Emissions using Current-Protocol and Chapter-4-Proposed Technology-Based Combustion Methods. 
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proposed-method emissions are below the 1% significance threshold, the difference 
between the results using the two methods is a significant 7.8% of the Scope-1 inventory.   
As a potentially more-representative comparison, because these inventories include a 
very-high CH3OH-CO2 contribution, and a significant, normally-not-included sewer-CH4 
contribution the third column under each scenario depicts the relative significance of each 
emissions source if CH3OH-CO2 and sewer-CH4 are not included in the Scope-1 totals.  
Under this perspective, the un-combusted CH4 becomes a very significant 37.7% of 
protocol-based totals (and only 0.8% of the proposed-method totals).  As such, the use of 
the protocol methodology would essentially increase the overall Scope-1 emissions by 
60.4% using the values in Table 4-11.   
As a final comparison, if all biogas at Blue Plains was instead burned with a 
candlestick flare, and a 5% emission factor applied, biogas slip would account for over 
21,000 MT CO2e/yr or 75.1% of the protocol-based Scope-1 inventory without CH3OH-CO2 
and sewer-CH4.  This analysis shows that use of the proposed methodology has the 
potential to very significantly improve the accuracy of WWTP emissions inventories.  
 
4.4 Conclusions 
This chapter has effectively developed an emissions-testing-data-based CH4-
emissions methodology for a number of commonly-used digester-gas-combustion 
technologies.  The biggest limitation is the relatively small set of very diverse internal 
combustion engine emissions data.  The wide variability suggests that averaging those data, 
while likely acceptable, would be improved by future research designed to: 
• Collect more installed testing data; 
• Clarify the factors that affect CH4 emissions variability; and  
• Create appropriate engine classifications with similar CH4 emissions and 
define representative emissions factors for each classifications.   
 
The conditions of this new methodology relates to the Section 1.6 methodological 
needs as follows: 
1. Significance.  This new method is possibly more than 100 times more 
accurate (comparing a 1% or 2% constant to 0.01% or lower measured emissions 
rates for the highest-efficiency devices).  It is additionally shown to be significant 
based on a variety of contexts.  While the difference would eliminate almost 8% of 
“incorrect” Scope-1 emissions from the Blue Plains inventory, emissions ranging from 
0.5% to over 75% of Scope-1 totals are possible depending on use of digester gas.   
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2. Representation.  The new method is very representative because the 
proposed, by-technology default-emission-factors make it applicable anywhere with 
digester gas combustion.  The allowance for use of device-specific emissions-test 
data allows for further improved accuracy if actual local data are available.      
3. Science-Based Consensus.  This method could be ready for peer review and 
incorporation now as the potential improvements in accuracy could be dramatic.  
Alternatively, it could wait until it was amended by additional engine data as 
suggested above. 
 
While digester-gas-combustion CH4 is not close to the significance of septic-tank and 
latrine CH4 on a national scale, it can be extremely significant at an individual facility level.  
This new methodology is certain to dramatically improve the estimation accuracies for 
digester-gas-related GHG emissions. 
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Chapter 5: Scope-2 Emissions from Electricity Consumption 
 
5.1 Introduction 
While the preceding chapters have focused on Scope-1 or direct GHG emissions, 
the use of electricity at WWTPs tends to dominate most facility GHG emissions 
inventories.  Full-scale data from 12 NYCDEP WWTPs are used to compare flow- and 
load-based electricity-benchmarking metrics.  These plants, while all in the medium- to-
large-size range, represent a wide array of loading conditions and treatment requirements.  
Additionally, the power data collected include both total-plant power and aeration-blower 
power (without any other ancillary electrical loads) so that comparison of plant-wide and 
secondary-process-air is possible.  Conventional wisdom suggests that well-controlled, 
real-world WWTPs should closely match input blower air (energy) to satisfy process 
oxygen demands.      
Many benchmarks, like WEF (Schroedel, et al., 2009) and Electric Power Research 
Institute (EPRI) (Pabi, 2013) have used flow (in mgd for US facilities) as the primary 
attribute to track energy efficiency at plants of various sizes, grouping similar treatment 
processes or compliance with generalized levels of treated-effluent quality.  Other 
benchmarks have trended toward combined flow and load characteristics (USEPA, 
2015a). 
This evaluation seeks to correlate estimated O2 demand with actual power use in 
an assessment as to whether flow-only-based or load-only-based metrics can be 
supported by actual performance data.  Process data collected (and therefore used) 
include 5-day carbonaceous biochemical oxygen demand (CBOD5) mass and NH3 mass, 
and are used to calculate total O2 demand mass.  References for correlating CBOD5, NH3, 
and total O2 demand are as follows: 
• Tchobanoglous, et al. (2003) cite that 3.43 and 1.14 g-O2/g-N is required to 
oxidize NH3 to NO2 and NO2 to NO3, respectively, resulting in a total of 4.57 
g-O2/g-N for complete nitrification. 
• Environmental Dynamics International (2005) suggests that a number of 
processes require consideration to determine O2 demand, specifically: 
o 0.5 to 0.6 kg O2/kg BOD is needed to convert dissolved carbon 
pollution to cell mass.  
o Additional process aeration is required for endogenous respiration or 
aerobic destruction of the cell mass; this second phase of O2 demand 
can range from 0.7 to 0.9 kg-O2/kg-BOD for high-rate carbonaceous 
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activated sludge systems to as high as 1.5 kg-O2/kg-BOD for the 
longer-sludge-age activated sludges required for nitrification. 
o 4.6 kg-O2/kg-N as the requirement for nitrification (in agreement with 
Tchobanoglous).  It is further suggested that NO3 oxygen can be used 
at a 2.9 kg-O2/kg-N credit in plants that denitrify through either 1) step 
feed that introduces a portion of the activated-sludge feed to an 
intermediate aeration basin location where it mixes with fully nitrified 
mixed (like that used in ENR plants in New York City) or 2) using 
nitrified internal mixed liquor recycle where the process feed and NO3- 
are mixed in the first stage of the activated sludge process.  
 
Chapter 5 Objectives: Using actual aeration-blower and total-plant electricity-
consumption data, the objectives of this chapter are threefold: 
A. Compare flow- and load-based, power-per-unit-treated metrics and assess the 
suitability of these single-criterion metrics to summarize the performance of 
groups of similar WWTPs; 
B. Complete the GHG-emissions evaluation in this thesis by evaluating Scope-2, 
power-use-related emissions; and 
C. Demonstrate the impact that carbon-intensity of power supply can have, both on 
the magnitude of a WWTP’s carbon footprint and the sensitivity of that footprint 
to GHG-emission-reducing improvements. 
 
5.2 Materials and Methods 
 Two years of power and plant performance data from NYCDEP WWTPs operations 
are used as the basis for the electricity-usage evaluation herein.  Least-sum-of-squares 
regressions are performed using both natural logarithmic and power-based curves for the 
NYCDEP plants, categorized into two groups: those with carbonaceous-only treatment 
requirements (also referred to herein as “high-rate”) and BNR activated-sludge systems.  
Finally, electricity carbon intensities from the USEPA’s Emissions & Generation Resource 
Integrated Database (eGRID) database are used to assess the sensitivity of carbon 
footprints to changes in this GHG-affecting criterion.  
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5.2.1 Summary of NYCDEP Facilities 
NYCDEP operates 14 WWTPs; 12 of which are analysed in this chapter.  Table 5-1 
provides an overview of the WWTPs and identifies those facilities with TN limits as well as 
the 6 facilities that dewater all of the anaerobically digested sludge/biosolids for NYCDEP 
(all 14 plants use anaerobic digestion for solids stabilization and mass reduction).  The 
presence of on-site dewatering affects this analysis as the centrate streams contain some 
CBOD5 and considerable NH3 that must be treated by blower energy at the plant.  
Centrifuge dewatering also represents a considerable non-blower electrical demand that is 
included in those plants’ total electricity usage.  All of the plants except NC (the largest 
plant, with a high-rate carbonaceous activated-sludge process) have primary clarification; 
primary clarification also affects total- and blower-energy use as significant loads are 
typically removed by the process at very low energy input.   
Finally, the Table 5-1 notes provide a summary of the plant-specific data that are 
included and/or excluded from the balance of this analysis.  For additional orientation, 
WWTPs locations, receiving-water bodies, and service areas for each plant are shown in 
Figure 5-1.   
 
 
 
Table 5-1. Overview of NYCDEP Facilities. 
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5.2.2 Carbon Intensity of Electricity Data 
It is often difficult to make consistent efficiency comparisons between WWTPs on 
the basis of annual total carbon footprint or annual GHG emissions per unit flow- or 
pollutant-loading treated.  This is largely due to two factors: 
1. Electricity use and the associated Scope-2 GHG are typically the most 
significant component of a facility’s combined Scopes-1 and -2 GHG emissions 
(with the combined Scope-1 and Scope-2 emissions total often thought of as a 
facility’s “carbon footprint”). 
 
 
Figure 5-1. NYCDEP WWTP Locations, Service Areas, and Receiving Waters. 
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2. There is an extremely diverse carbon intensity for power across the US.  The 
USEPA has maintained carbon intensity data in eGRID since 1996 (USEPA, 
2016b).  This database provides electricity generation history by region, 
subregion, and state and has been updated most recently through calendar 
2012. The most recent update is for calendar 2012 (USEPA, 2015b); selected 
values are presented in Table 5-2. The 2012 state-by-state carbon intensities of 
electricity range from a low of only 7.4 pounds (lbs) CO2e per Megawatt-hour 
(MWh) for Vermont to a high of 2,110 lbs CO2e/MWh for Wyoming.  This 
disparity highlights the geographical diversity as one Kilowatt-hour (kWh) of 
electricity in Wyoming contributes over 280 times the GHG pollution of the 
same unit of power in Vermont.  The differences are driven by each state’s 
primary sources of power generation: with 87.5% of Wyoming’s 2012 power 
(which is down from 96.8% in 1996) generated from coal-fired power plants 
while 76.0% and 16.9% of Vermont’s power was generated from nuclear and 
hydroelectric plants, respectively, during that year.   
 For the NYCDEP-WWTP perspective, New York City’s Mayor’s Office of 
Recovery and Resiliency (2014) publishes a city-wide GHG emissions inventory 
each year under Plan NYC (PlaNYC).  The 2014 update used a uniform carbon 
intensity of 645 lbs CO2e/MWh for all consumed electricity.  The state of New 
York’s calendar-2012 carbon intensity was even lower, at 564.5 lbs CO2e/MWh 
which is less than half that year’s US average at 1,142 lbs CO2e/MWh.  
 
PlaNYC, Vermont, Wyoming, New York and the US-national-average carbon 
intensities are used later in this chapter to show how dependent a WWTP’s carbon 
footprint is on this single factor.  In another example, carbon intensity changes the 
perceived GHG benefits of an energy-conservation project that reduces overall GHG 
emissions in one location but could increase GHG-emissions in another location.   
 
Table 5-2. Example 2012 Carbon Intensities from Select US Jurisdictions. 
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The US national electrical carbon intensity has steadily decreased since the eGRID 
baseline in 1996.  Figure 5-2 shows the US electrical carbon intensity and power-supply 
make-up over time.  By comparing 2012 to the 1996 baseline it can be seen that:  
1) Power consumption has increased by approximately 17%, from 3.5 to 4.1 million 
gigawatt-hours (GWh); while  
2) Power-generation-related GHG emissions have been reduced by more than 8%, 
from 2.5 to 2.3 billion MT of CO2e/yr; due to  
3) A 21.6% reduction in carbon intensity from 1,457 to 1,142 lbs CO2e/MWh.   
 
It would be additionally incorrect to assume that the intensity reduction is purely the 
result of renewable-energy production.  While there was an almost four-fold increase in 
wind and solar power over the most recent four-year period, those resources represent a 
very small fraction of the overall portfolio.  Instead, the most dramatic improvement has 
come from an almost 15% shift in the total production from coal to natural gas (from one 
fossil fuel to a more efficient, less carbon-intense fossil fuel).  This change has been 
principally driven by economics (natural-gas generation is simply more cost-effective at 
today’s natural-gas prices) while having ancillary beneficial environmental benefits. 
 
 
Figure 5-2. Sources of US Power Production from 1996 to 2012. 
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5.2.3 EPRI Flow-Based Power-Use Baselines 
The EPRI guidance cited earlier for flow-based power consumption is used as a 
published metric for expected plant electricity consumption as a function of treated flow.  
Figure 5-3 was developed from those EPRI data with the actual EPRI data shown as 
individual data points and separate best-fit equations shown as continuous lines.  In the 
figure, the term “activated sludge” represents a category of WWTPs designed for 
conventional carbonaceous treatment.  Also of note, each best-fit approximation has been 
developed as two separate segments: 1) A power-based approximation for flows less than 
50 mgd; and 2) a linear approximation for the greater-than-50-mgd portions of each curve.  
Later in this chapter, the developed best-fit equations allow EPRI-forecast electricity-
intensity per-million-gallons-treated to be calculated for each recorded annual plant flow for 
comparison with actual measured energy intensities for each NYCDEP WWTP-year.   
 
 
Figure 5-3. Electricity-Intensity Estimations as a Function of Flow and Activated-Sludge Process 
Derived from EPRI Data. 
 141 
 
5.2.4 Methodology for Comparison of Treatment-Intensity Metrics  
NYCDEP’s 12 WWTP plant-wide- and blower-power data are used to perform the 
following analyses: 
1. Comparisons of NYCDEP WWTPs against EPRI Flow-Based Baselines.  
The analysed WWTPs are grouped into “advanced with nitrification” (represented 
by 9 plant-years at 5 different plants) and “high-rate” (13 plant-years at 8 plants) 
classifications and compared against the two EPRI curves in Figure 5-3.  A ratio of 
the actual flow-based electrical intensity to the predicted intensity value (calculated 
using the equations in Figure 5-3 using the actual annual average flowrate) 
assesses the effectiveness of the prediction.      
2. Comparisons of NYCDEP Plant Groupings against Flow- and O2-
Demand Loading and O2-Demand-Removal Metrics.  The total annual flows or 
annual O2-demand mass is assessed against the total power consumed for the 
period analysed and reported as average power consumed over that period in MW.  
A few aspects of the analysis warrant additional explanation: 
a. Determination of O2-Demand Performance.  Total O2-demand loading and 
removal are calculated using the following factors: 
• For high-rate, carbonaceous systems, 0.6 plus 0.8 lbs O2/lb CBOD5 
are assumed for carbon conversion and endogenous respiration, 
respectively, for a total of 1.4 lbs O2/lb CBOD5.  No O2 demand is 
assumed for NH3 loading for loading-based metrics; conversely, for 
removal-based metrics, 1.7 lbs O2/lb N is assumed for N removed; 
based on full nitrification at 4.6 lbs. O2/lb N and a full denitrification 
credit of -2.9 lbs O2/lb N. 
• For BNR systems, 0.6 plus 1.3 lbs O2/lb CBOD5 are assumed for 
carbon conversion and endogenous respiration, respectively; the 
higher-than-for-high-rate endogenous-respiration O2 demand 
accounts for increased aeration energy required for cell-destruction at 
longer nitrification SRTs.  N O2 demand is calculated for full 
nitrification at 4.6 lbs O2/lb N for loading-based metrics without any 
nitrification credit (unless noted otherwise).  For removal-based 
metrics, a combined 1.7 lbs O2/lb N factor is assumed; accounting for 
both the nitrification demand and the denitrification credit per unit of N 
mass removed across the system.     
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• For plants with dewatering, the centrate loads are added to either the 
raw sewage load for full-plant-power-use metrics or to primary effluent 
loads for blower-power-use metrics. 
• Loading-based metrics are based on the total O2-demand loading to 
the process: either the WWTP itself for total-power or the aeration 
basins for blower-power analysis.   
• Removal-based metrics are based on the O2-demand attributable to 
CBOD5 and NH3 removed across the respective process.  
3. Comparison of Quality of Fit for the Evaluated Metrics.  In order to 
assess how consistently each metrics normalizes the NYCDEP WWTP data, 
those WWTPs are organized in two groups: 1) The designation “BNR” 
includes those plants that perform N removal that align with the “advanced 
with nitrification” category in the EPRI data; and 2) “High-rate” describes the 
carbonaceous-treatment plants that do not intentionally nitrify the treated 
sewage and are aligned with the EPRI “activated sludge” category.  Power-
based and natural-logarithm-based best-fit curves are then derived for each 
permutation of A) electricity-intensity metric, B) plant group, and C) total-
plant or blower-only power data.  The curves are shown on the respective 
graphs along with the associated best-fit-equation and the coefficient of 
determination (R2) measure of fit.  R2 values are then used to assess the 
suitability of each metric for the data analysed.     
 
5.2.5 Methodology for GHG Comparisons 
As suggested previously, the carbon intensity of power can both change the size of 
a WWTPs overall carbon footprint and affect the relative GHG implications of almost any 
increase or decrease in electricity consumption or Scope-1 emissions.  Two scenarios are 
developed on the significance of carbon intensity of electricity:   
1. NYCDEP GHG-Magnitude Comparison.  Scope-2 GHG annual emissions 
are calculated for each of the evaluated plant-years by multiplying the total power 
consumed at each plant in a given year by each of the carbon intensities presented 
in Table 5-2 for PlaNYC, New York State, the US national average, the near 
carbon-neutral state of Vermont, and the extremely-carbon-intense state of 
Wyoming.  The overall impact to NYCDEP’s Scope-2 GHG emissions can be seen.  
2.  Carbon-intensity affects not only the magnitude of facility’s carbon footprint; 
it can also change the GHG-related significance of power use, conservation, and/or 
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onsite generation (presumably from biogas CHP).  The last electricity-related GHG-
emissions comparison again revisits the DC Water pre- and post-digestion GHG 
emissions estimates that were covered in Sections 2.3.1, 3.3.5, and 4.3.2.  This 
comparison is conducted by contrasting the average annual GHG-emissions 
changes before and after DC Water’s upgrades, but using the following carbon 
intensities for power generation: 
a. DC Water’s GHG-Inventory carbon-intensity of 1,065 lbs CO2e/MWh with 
associated Scope-2 emissions equal to those presented previously; 
b. Vermont’s ultra-low carbon-intensity of 7.4 lbs CO2e/MWh (Scope-2 
emissions are calculated by multiplying the current inventory emissions by 
the ratio of power intensities: 7.4/1,065); and  
c. Wyoming’s high carbon-intensity of 2,286 lbs CO2e/MWh (Scope-2 
emissions are again calculated by adjusting current-inventory Scope-2 
emissions by the ration of Wyoming and DC carbon intensities 
(2,286/1,065)).       
 
5.3 Results and Discussion 
 This section presents the results of the analysis of NYCDEP power and process 
performance against flow- and load-based metrics.  The suitability of those metrics is also 
reviewed.  Finally, the impact of the carbon-intensity of power is assessed on both the 
magnitude of the NYCDEP Scope-2 GHG inventory and the perceived GHG benefits of the 
Blue Plains digestion and CHP upgrades.  
 
5.3.1 Analysis of NYCDEP WWTPs against Flow-Based Metrics  
Summaries of the 2013 and 2014 operational and power-use data for the NYCDEP 
plants are presented in Table 5-3.  Exceptions to the full operational data sets and 
adjustments made in order to use the remaining data for those years are also noted.  
The Table-5-3 data are then used to develop the flow- and load-based electrical 
intensities in Table 5-4 using the methodologies described in Section 5.2.4.  The NYCDEP 
actual plant-total and blower-only power consumption for each plant-year is compared 
against the calculated EPRI intensities (using the equations and methodology described in 
Section 5.2.3).  The ratio of the actual to predicted flow-based intensities are presented in 
the last two columns under the “Conventional Flow-Based Metrics” heading in Table 5-4.   
One fairly significant qualifier is warranted on the use of NYCDEP WWTP 
performance data.  Generally speaking, the annual-average influent sewage 
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concentrations at NYCDEP plants are fairly dilute: with average plant-influent CBOD5 and 
NH3 concentrations of only 108 and 17 mg/L, respectively.  Of the WWTPs analysed, only 
PR averaged more than 160 mg/L influent CBOD5 (with 199 and 210 mg/L in 2013 and 
2014, respectively) and none of the facilities averaged more than 22.0 mg/L NH3.  While 
most NYCDEP plants serve combined sewers, and this does have some effect on the 
influent sewage strength, the dry weather flows are almost always considerably more 
dilute than average US domestic wastewater.  Because of the increased volumes of 
sewage, the resulting flow-based intensities would likely appear “better”/lower while total-
plant-power metrics per unit O2 demand would conversely be “worse”/higher (in order to 
pump more flow along with the limited loads).  
Figure 5-4 shows the total-power and blower-power intensities from Table 5-4 
plotted against the EPRI curves.  Figure 5-4 also shows power-based best fit curves, those 
best-fit equations, and R2 values for each permutation of plant type (either BNR or high-
rate) and power metric (either measured total-plant or blower power).  The following 
observations are made from the information presented in the above tables and figure: 
1) The total-plant power data points for the BNR plants are much closer to the 
respective orange EPRI curve than the blower-power data.  This would seem  
 
 
 
Figure 5-4. Flow-Based Electrical-Intensities for NYCDEP WWTPs with Power-Based Best Fits 
Plotted Against EPRI-Predicted Performance. 
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Table 5-3. Performance Overview for NYCDEP WWTPs. 
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Table 5-4. Electrical Intensity Metrics for NYCDEP Plants as a Function of Flow and O2-Demand Load and Removal. 
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to support the use of the curves as a good metric for evaluation of other full-scale 
BNR facilities. 
2) The activated-sludge EPRI curve, on the other hand, poorly represents the 
analysed high-rate plants.  All except two NYCDEP facilities fall above the curve 
(with 7 of the 13 plants showing greater-than-50%-higher intensities than those 
predicted); despite the lack of dewatering and the associated electrical loads at any 
of these plants.   
3) The actual blower-use-power data are located as far below the curve as the total-
plant-power data are above it.  On closer inspection, the following relationships 
appear:   
a) All 4 high-rate data points less than 40 mgd are well above the curve. 
b) 6 data points from four plants from 60 to 95 mgd are close to the estimated 
performance with only one (NR an apparent outlier at 116 mgd) having 
almost double the predicted power consumption. 
c) The last, and largest high-rate plant datum (NC at 215 to 220 mgd) also 
approaches twice the predicted power consumption apparently not realizing 
any normally expected plant-scale efficiencies.  This is the only plant without 
primary treatment and that could explain why blower power is high in 
comparison with the balance of the high-rate NYCDEP plants.  
4) Is should be noted that while there is a good NYCDEP correlation with the EPRI-
predicted BNR plant total-power intensities, almost all of the NYCDEP data points 
have consolidated dewatering (only the JA-2014 data point represents a BNR 
facility without dewatering, and that point tracks more closely with the JA-2013 data 
point that is categorized as high-rate). In a comparison of the WWTPs with 
dewatering, the ones with higher-than-predicted energy use and the only slightly 
below the predicted use have the highest centrate NH3 fractions.  26W and HP 
centrate NH3 averaged 52% and 39% of the plant’s total NH3 load, respectively.  
The higher-than-predicted total-power levels are likely indicative of both higher 
centrifuge-operating (for larger-proportional imported sludge loads) and as well as 
higher nitrification power demands. 
  
5.3.2 Analysis of NYCDEP WWTPs against Load-Based Metrics  
As an alternative to flow-based power intensities, load-based intensity factors are 
developed on the basis of total O2-demand (calculated as described in Section 5.2.4).  The 
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figures summarizing the calculated power intensities using the various metrics and best-fit 
curve types include: 
• Figure 5-5. Intensity as a function of total-O2-demand loading using power-
based best fits. 
• Figure 5-6. Intensity as a function of total-O2-demand loading using a 
natural-logarithm best fits. 
• Figure 5-7. Intensity as a function of total-O2-demand removal using power-
based best fits. 
• Figure 5-8. Intensity as a function of total-O2-demand removal using 
logarithmic best fits. 
 
Figures 5-7 and 5-8 also include new data points and best-fit analyses of blower-
power data for BNR plants with a credit assumed for use of NO3 oxygen to partially offset 
blower total O2 demand supply during denitrification. 
 
Figure 5-5. O2-Demand-Loading Electrical Intensities for NYCDEP WWTPs with                          
Power-Based Best Fits. 
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Figure 5-7. O2-Demand-Removal Electrical Intensities for NYCDEP WWTPs with                            
Power-Based Best Fits. 
 
Figure 5-6. O2-Demand-Loading Electrical Intensities for NYCDEP WWTPs with                         
Natural-Logarithm-Based Best Fits. 
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Figure 5-8. O2-Demand-Removal Electrical Intensities for NYCDEP WWTPs with                            
Natural-Logarithm-Based Best Fits. 
. 
 
Figure 5-9. Flow-Based Electrical-Intensities for NYCDEP WWTPs using Natural-Logarithm-Based 
Best Fits Plotted Against EPRI-Predicted Performance. 
 
 151 
5.3.3 Suitability of Intensity Metrics based on Quality of Fit  
The plots in the prior figures, associated best-fit equations, and R2 values are used 
to determine if data from the analysed 12 plants/22 plant operating years support or trend 
poorly with any of the flow-based or total-O2-demand-based metrics.  In order to complete 
the evaluated series, Figure 5-9 presents natural-logarithm-based flow-based best fit 
metrics for comparison with the power-based analyses in Figure 5-4.   
Table 5-5 summarizes each regression analysis, showing the regression-derived 
equation and the associated R2 value.  Each row is then shaded according to the degree 
of fit.  The regression curves with the best fit (highest R2 values) to the respective 
NYCDEP data sets are shaded white, while progressive trends from lighter grays (with 
reasonable R2) that might still be used, to medium- and dark-gray rows (having low and 
very-low R2) indicating poorly-suited metrics that should not be considered for future use.  
The following conclusions are drawn from these summaries: 
1) Of the total-O2-demand (load-based) scenarios, all of the total-plant-power fits 
were shown to be consistently poor fits for all of the data sets.  The best 
correlations were for blower power which makes sense in that it supports the 
basic notion of load-based modelling of activated-sludge processes and for 
using such loads to determine process aeration demands.  A few related 
conclusions include: 
a) That removal-based metrics show better correlation with blower power 
than the loading-based analyses. 
b) That the power-based regression analysis provides better fits than the 
natural-logarithm-based regressions. 
c) That the inclusion of the denitrification O2 credit improved the fit when 
comparing the blower-power R2 values for BNR with denitrification credit 
directly with the respective blower-power BNR data. 
2) Of the flow-based metrics, only blower power for BNR plants trended well using 
either power or logarithmic functions; but with the power-based function again 
providing a noticeably better fit. 
 
 152 
 
5.3.4 Scope-2 CO2e of NYCDEP WWTPs at Different Carbon Intensities 
 The power consumption of the analysed plants is used in this section to show the 
significance of the carbon intensity of purchased power on the magnitude of a WWTP’s (or 
a City’s) carbon footprint.  Total plant power data from Table 5-3 is used to calculate the 
respective increase or decrease in New York City’s carbon footprint if they use a non-
PlaNYC carbon intensity by using the example intensities from Table 5-2.  The 
comparative data are shown in Table 5-6.  The last three rows show how much the overall 
emissions would change (based on mass or percentage) if factors other than the PlaNYC  
 
 
Table 5-5. Summary of the Regression Best-Fit-Curve Equations and R2 Values. 
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Table 5-6. Scope-2 GHG Emissions for NYCDEP Plants using other Power Carbon Intensities. 
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factor was used.  Additionally, the last row shows how many times more Scope-2 
emissions would be produced compared to a Vermont-emissions baseline (where use of 
the other extreme, Wyoming’s carbon intensity, would increase the overall power-related 
emissions by 309 times). 
The City of New York could choose to use the carbon intensities of larger-
geographical entities of which they are part, like the State of New York or the US national 
averages.  This would be inconsistent with guidance in most protocols which urge use of 
the most-site-specific data available.  Because of that, and in the interest of accuracy, 
NYC uses the billed amounts of electricity purchased from conEdison, Public Service 
Enterprise Group Long Island Power Authority, and other providers in their service area 
and those companies’ carbon intensities for power generation to develop a use-based, 
weighted-average intensity.  As reported, the resulting PlaNYC factor is higher than the 
2012 state average.  Use of the larger-geography, state-of-New-York carbon intensity 
would decrease the WWTP Scope-2 emissions by 13%.   
The inclusion of Vermont and Wyoming demonstrate how broadly power carbon 
intensity can affect the GHG emissions from power use – based solely on the location of 
the plant and the default power mix of the local utility(ies). 
 
5.3.5 DC Water Scopes-1-and-2 GHG Emissions with other Power 
Carbon Intensities 
While the previous section shows how significant an effect a different purchased-
power carbon intensity can have on the magnitude of an entity’s carbon footprint, it failed 
to show how Scope-2 emissions can just as dramatically change an entity’s pathways to 
GHG reduction. To demonstrate this phenomenon, before- and after-digestion/ CHP-
upgrades carbon footprints at the Blue Plains AWTP for various carbon intensities are 
shown in Figure 5-10.  In this figure, the following three transitions are shown: 
a. With DC Carbon Intensity.  The transition from before digestion/CHP (shown in 
Figure 5-10 A) to post-digestion/CHP (Figure 5-10 B) at the electricity-generation 
carbon intensity used for DC Water’s GHG inventory (1,065 lbs-CO2e/MWh).  
These pies are identical to those in Section 2.3.1/Figure 2-5.  Because the change 
in electricity carbon intensity does not affect the Scope-1 emissions (only the total 
carbon footprint and relative relationship between Scope-1 and Scope-1-and-2 
inventories) approximately 11,300 MT CO2e/yr of Scope-1 emissions are added – 
due primarily to increased CH3OH use.  These same 11,300 MT CO2e/yr are added 
to the Scope-1 emissions for all three of the scenarios (see Figure 2-5 for details).   
 155 …….. 
 
 
Figure 5-10. To-Scale GHG Emissions Contributions (in MT CO2e/yr, and as % of each depicted 
inventory) for the Blue Plains AWTP Before and After Digester-Upgrades using three Wide-
Ranging Electricity Carbon Intensities: for DC (mid-range), Vermont (low), and Wyoming (high). 
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This baseline project reduces DC Water’s carbon footprint by over 34,600 MT 
CO2e/yr or 23%. 
b. With Vermont Carbon Intensity.  Figures 5-10 C and D show the exact same 
transition as the DC-Carbon-Intensity case, but at Vermont’s least-carbon-intense 
power generation of only 7.4 lbs-CO2e/MWh.  Because the entire pre-upgrade 
Scope-2 emissions of only 818 MT CO2e/yr are dwarfed by the ~12,650 MT 
CO2e/yr, only the smallest GHG improvements are realized for the green-power 
production and this GHG-reducing project for DC Water actually results in an almost 
11,000 MT CO2e/yr GHG increase if implemented “in Vermont” (or otherwise at 
Vermont’s carbon intensity of power).  The same “good project” would increase the 
Vermont WWTP’s carbon footprint by over 28%! 
c. With Wyoming Carbon Intensity.  Figures 5-10 E and F show the same transition 
but at the State of Wyoming’s most carbon-intense power in the US (at 2,286 lbs-
CO2e/MWh).  The result is an enormous, over 100,000 MT CO2e/yr GHG (or 35%) 
reduction. 
 
Entirely due to carbon intensity, a project that is good GHG investment at near 
national average power carbon, can be a very bad GHG project in low-carbon-intensity-
power parts of the country.  And the converse can also be true under different scenarios.  
Related points of context include: 
1. In heavy coal-using states, tremendous gains can be made through power 
conservation and renewable-power generation.   
2. For states like Vermont, Scope-2 emissions are nearly impossible to change 
and significant carbon footprint reduction must be accomplished through 
process enhancements that reduce direct emissions.   
3. As an example in the Vermont-like context, the transition to Anammox 
sidestream treatment while likely still saving operating costs for chemical 
methanol and power, could be more effective on a GHG basis by simply 
substituting ethanol or another biogenic source as a carbon replacement.   
a. In broad terms, Anammox would save ~11,600 MT CO2e/yr while 
adding an offsetting 11,300 MT CO2e/yr from increased N2O 
production (based on an assumed 1% of TN removed conversion to 
atmospheric N2O).  After other minor GHG reductions, the net benefit 
would be on the order of 600 MT CO2e/yr.   
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b. In comparison, switching to ethanol would affect a net 10,100 MT 
CO2e/yr reduction without the increased N2O consequences.  A 9,500 
MT CO2e/yr net GHG improvement could be realized for no added 
cost (assuming that the methanol facilities can also accommodate 
ethanol) as compared to a significant capital upgrade to construct 
Anammox facilities.    
 
5.4 Conclusions 
This chapter investigates a variety of electricity-use and electrical-carbon-intensity 
relationships.  The following conclusions can be made: 
A. Compare flow- and load-based, power-per-unit-treated metrics.   A few 
conclusions could be made from the NYCDEP-WWTP, process-performance-to-
power-consumption analyses: 
a. Flow based power-intensity metrics were shown to be poor metrics 
(except for BNR plants).   
b. Total-O2-demand-removal metrics were very good at predicting blower-
power demand.   
c. Power-based regression equations consistently performed better than 
natural logarithmic regressions.   
d. Finally, for BNR plants, inclusion of the denitrification NO3 oxygen credit 
improved the quality of the fit.  
B. Discuss Scope-2, power-use-related GHG emissions.  This chapter 
effectively addresses the complications with normalizing GHG-metrics for power 
use.  Specifically, use of a single per-treatment-effectiveness metric to characterize 
WWTP electricity consumption is shown to be somewhat incomplete; while total-O2-
demand-removal metrics performed best of the systems considered, multi-variable 
analyses or additionally parsing of facilities into subsets of similar performance 
almost certainly provide an improved basis for comparison. 
C. To demonstrate carbon-intensity of power impact.  Carbon intensity is 
shown to have significant impact on: 
a. The magnitude of an entity’s Scopes-1-and-2 emissions inventories; and 
carbon intensity is often much more significant than any of the Scope-1 
emissions covered in prior chapters.  The challenge is that carbon 
intensity is not usually something that can be easily changed although 
addition of renewable power production (like Blue Plains biogas CHP, 
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solar arrays, or wind turbines) and even purchasing reduced-carbon 
power are becoming available avenues for wastewater utilities. 
b. The relative improvement (or even net detriment) of carbon-affecting 
projects was shown to be very carbon-intensity-dependent.  The same 
“good project” for DC Water (with a 23% carbon footprint reduction) was 
shown to affect a wide range of anywhere from a 28% GHG increase (for 
low-carbon case of Vermont) to a 35% GHG reduction (for the carbon-
intense Wyoming perspective). 
 
Because this is not a new GHG methodology, the Section 1.6 criteria do not apply.  
The most important aspect of this chapter, however, is simply to consider overall GHG 
context.  Local carbon intensity of power can dramatically affect GHG outcomes.  Scope-2 
emissions are often the most GHG-significant source in carbon foot printing; but its impact 
can also be negligible in specific cases.    
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Chapter 6: Conclusions and Recommendations for Future 
Research 
 
6.1 Conclusions 
The overriding conclusion from this GHG thesis is:  
GHG emissions protocols, while creating uniform conventions 
for consistent use, need significant additional research, 
development, active science-based consensus, and subsequent 
updates to accurately depict GHG-emissions reality. 
 
In this thesis alone, it has been shown that: 
A. CH3OH CO2 likely accounts for over 11% of the US wastewater industry’s 
Scope-1 GHG emissions.  This contribution is from a source that until 2012 
was ignored by all available protocols. 
B. Sewer CH4 likely accounts for at least 50% of the US wastewater Scope-1 
emissions; and yet it has been explicitly cited by IPCC to be an unlikely GHG 
source and has been subsequently ignored by all other protocols. The 
Chapter 3 estimate of 54% also strongly suggests that this estimate is low; 
and that the actual contribution could be higher. 
C. These first two emissions sources, neither of which was recognized by the 
protocols as recently as 6 years ago, when combined could as much as triple 
the US wastewater treatment and conveyance Scope-1 GHG inventory.  
D. Protocols’ use of uniform factors (typically 1 or 2% of produced digester gas 
to be emitted) may be representative of a national average.  On a plant-by-
plant basis however, the single assumption can result in dramatic under- or 
over-reporting.  Examples include: 
a. Use of a uniform 1% of produced digester-gas for the Blue Plains 
AWTP would inaccurately increase the AWTP’s digester gas 
emissions by 70 times. 
b. On the under-reporting side, WWTPs that flare all their gas using a 
candlestick flare could under-report their digester gas emissions by 5 
times. 
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6.2 Recommended Future Research, Specific to this Thesis 
 Each research publication is a step along a continuum, where the final step is 
identifying new research needs.  Specific future efforts recommended as a result of this 
thesis include: 
1. The mass balance around the PI could not be completed.  Collection of seasonally-
imported CH4 flux from contributing jurisdictional sewers into the PI experimental 
boundary and leaving the boundary at MH-14, should be measured in the future.  
These new data would in turn allow estimation of CH4 leaving the unventilated 
upstream section.  Closing the mass balance would allow further confirmation of the 
proposed analytical methods and re-verification on the PI.  The updated Collection 
System CH4 Algorithm could then be peer-reviewed and serve as the basis for a 
protocol-accepted new methodology.   
2. Similarly, identifying the seasonal dissolved CH4 that is A) imported with 
jurisdictional sewage into the DC Water system; B) arriving in the Blue Plains 
AWTP influent; and C) being discharged in Blue Plains effluent would provide a 
further-refined understanding of the overall significance of sewer CH4.  This thesis’ 
“greater than” estimates could then be replaced by more exact estimates. 
3. The Gravity-Sewer CH4 Algorithm should be reframed to use hydraulic-model-
estimated wetted area at average flows to approximate the slime area.  This 
approach would better account for actual conditions than the free-discharging 
assumption that was assumed to develop the algorithm.  Free discharging sewers 
have the lowest possible wetted area for a given flow, and therefore are likely to 
underestimate the slime area and associated CH4 production by not accounting for 
common, partially-surcharged hydraulics that can be observed in hydraulic-model 
out shape files. 
4. The sewer-CH4 method presented herein assumes that there are no chemical or 
biological sinks for CH4.  In contrast, methanotrophic organisms could exist on the 
crowns of gravity sewers, within the bulk sewage conveyed by sewers, or within the 
liquid-phase biology at the downstream AWTP.  Methanotrophs consume CH4 as a 
food source and convert it to cell mass and CO2, and could therefore serve as a 
sink and reduce CH4 emitted to the atmosphere.  Most sewers are not ventilated, 
unlike the PI experiment where continuous ventilation is used for odour control 
while also allowing CH4 measurements.  This ventilation may have limited sewer-
crown methanotroph effectiveness by reducing the time that CH4 was in contact 
with pipe-crown biology.  If, on the other hand, the methanotroph population were in 
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the liquid phase, then the measurements would have accounted for their effects.  At 
this time, it is unknown if methanotrophs exist in sewers at all, so the first step is to 
determine if and where they exist.  If they are present, then their effectiveness 
should be explored and accounted for.  
5. The sewer-CH4 methodology in this thesis is based on a significant amount of 
specific local data that includes an extensive hydraulic-sewer-model shapefile, 
seasonal temperatures, and temporal-average flow rates.  For DC Water, the 
algorithms were applied to 1,915 gravity-sewer segments and 137 forcemain 
segments.  This is likely too-data-intensive for many utilities and most reporting 
protocols.  In order to develop a simpler, more-readily-accessible method, the 
Collection-System CH4 Algorithm could be applied to utilities of different sizes, 
proportions of surcharged sewers, populations, service area sizes, and sewage 
temperatures to estimate their respective sewer CH4 emissions.  The combined 
data set and summary descriptions of their systems could provide the basis for 
creation of a simplified model.  The new method could then allow sewer- CH4 
estimations with a smaller set of normally-available data.  These required data 
might be as simple as: 1) average sewage temperature; 2) average flow treated; 
and 3) percentage of surcharged sewers. 
6. Based on the significance of CH3OH CO2, continued or accelerated research into 
alternative carbon sources and/or improved N-removal processes like mainstream 
Anammox is warranted.  Emphasis on reducing GHG emissions by limiting CH3OH 
use should be encouraged. 
7. Collection and analysis of stack-test data from more installed engines would allow 
grouping of similar exhaust CH4 emissions rates into categories that are defined by 
common engine features or operating criteria.  Each category could then be 
represented by a single emissions factor.   
8. The Scope-1 emissions summaries presented herein only marginally account for 
variations in N-removal process N2O emissions.  N2O contributions are likely 
masked by the fact that Blue Plains had the lowest mainstream-process N2O 
emission rate from of any facility measured by Chandran, et al., 2012.  Accordingly, 
if N2O is understated, then CH3OH CO2 and sewer-CH4 are both slightly overstated 
in the national estimates in this thesis.  The overstatement is only slight as an 
increase in process N2O from the presented 2% to a likely value between 8% and 
12% would change other emissions by less than 10%.  A statistical analysis to 
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account for mainstream N2O, sidestream N2O, effluent N2O, sewer CH4, and 
CH3OH CO2 would provide a more balanced estimate of each source’s significance.  
9. Sewer-CH4 and un-combusted-biogas-CH4 methodologies should be peer-reviewed 
and then recommended as improved methodologies for future adoption by GHG 
accounting protocols. 
10. Chapter 1 identifies a wide array of wastewater GHG-emission topics that should be 
researched. The most significant of the remaining sources are headworks and 
primary sedimentation CH4 (that are linked to sewer CH4); anthropogenic influent 
COD CO2; and anaerobically-digested-sludge CH4 release during dewatering. 
 
6.3 Regulatory- and Organizational-Context Recommendations 
 Many utilities and city/county, state/provincial, and federal governments are 
establishing goals to “be net-zero by 2050”, to “reduce their GHG emissions to half of 1990 
levels by a certain point time”, or similarly reduce their environmental impact and/or 
improve their efficiency.  With the signing of the 2015 Paris Climate Agreement, almost 
every country in the world signed on to reduce its national carbon impact on our planet.  I 
believe (and certainly hope) that the US exit under President Trump in 2017 is temporary; 
and that the next US administration will reverse this unpopular decision regardless of 
political affiliation. 
 In considering the conclusions of this thesis, centralized-wastewater-treatment GHG 
science is not that accurate and can be enhanced.  Those emissions as a group however, 
are relatively small.  The US-EIA national GHG data discussed in Section 1.5 support the 
discussion that follows.  Combining the herein-estimated national centralized-sewer CH4 
and CH3OH CO2 emissions of 1.3 million MT CO2e/yr (Table 3-13) with US-EIA’s 4.7 
million MT CO2e/yr for WWTP-effluent N2O is only 6.0 million MT CO2e/yr.  This is the total 
Scope-1 emissions from centralized wastewater treatment of 75% of US sewage and is 
only slightly more than one-quarter of the 17.6 million MT CO2e/yr for septic-tank- and 
latrine-produced CH4 from treating the remaining 25% of the county’s flow.  US-EIA further 
estimates that centralized wastewater treatment requires an additional 17.8 million MT 
CO2e/yr in Scope-2 emissions for WWTP power.  In total, US centralized and 
decentralized wastewater treatment accounts for 41.4 million MT CO2e/yr – or only 0.6% 
of the country’s entire 7.0 billion MT CO2e/yr of emissions.  Returning to the subject of this 
thesis, centralized-sewer CH4 represents only 0.015% (or 1/6630th) while CH3OH CO2 
represents an even less significant 0.003% (1/32000th) of the nation’s total GHG 
emissions. 
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 It can be understood and readily accepted why IPCC overlooked sewer CH4 and 
CH3OH CO2 due to their extremely small contributions to national GHG emissions.  It also 
makes sense that these sources not be reported with US-total GHG emissions.  However, 
as shown in this thesis, these two emissions represent approximately two-thirds of US-
centralized-treatment GHG emissions, and are therefore, very significant to the industry.  
With that said, it is not justified for protocols governing smaller-scale GHG emissions 
estimates (like CARB, NGA/NGR, or ICLEI for entities as small as cities, counties, towns, 
or individual facilities) to adopt IPCC’s source exclusions.  Therefore, local protocols are 
likely missing significant emissions associated with specific industries at the 
county/city/factory-scale. 
 Other related conclusions are warranted based on this context.  The following are 
suggested as more general guidance for wastewater treatment and other industries: 
• Likely GHG emissions that are not included in current protocols should be 
investigated for every industry.  Poorly-understood emissions sources should be 
investigated to determine criteria affecting their production as well their overall 
significance.  Solutions to mitigate those same GHG emissions should then be 
actively pursued.  Before mandatory reductions are regulated or otherwise 
enforced, industries should develop a robust understanding and toolkit to cost-
effectively mitigate their actual GHG emissions. 
• Taking large-scale (state or national) goals and uniformly applying them to each 
smaller-scale entity is dangerous when emissions documentation at smaller scales 
is so poorly understood.  Emissions reductions should instead be allocated to 
entities where effective mitigation means are known to exist.  
• Finally, if GHG emissions reduction are the primary goal, the following activities are 
recommended (in order of decreasing effectiveness) to reduce a developed nation’s 
wastewater-related emissions: 
1. Centralizing treatment for sewage currently on septic tanks would eliminate 
roughly 43% of wastewater Scope-1 GHG emissions.  Even after centralized 
electricity Scope-2 emissions and Scope-1 effluent N2O, sewer CH4, and 
CH3OH CO2 emissions are accounted for, a 10 million MT CO2e/yr (or 24%) 
GHG reduction results. 
2. The next largest target is electricity consumption at centralized treatment 
facilities.  However, to match the GHG-emissions reduction from elimination 
of septic-tank CH4, fossil-fuel-derived electricity emissions would need to be 
reduced by 57% across the entire industry. 
 164 
 
Over time, research will help the wastewater-treatment industry appreciate how decisions 
affect their GHG emissions.  Reduction of GHG emissions across multiple sources would 
enhance the industry’s sustainability beyond the historical core business of simply 
returning clean water to the environment. 
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Appendix – Summary of Bases for DC Water GHG Inventories 
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